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Abstract 

 

This work studies guided wave propagation in pipes coated with thick highly viscoelastic 

coating materials. The main motivation for this study is the problems associated with Long 

Range Ultrasonic Testing (LRUT) of coated pipelines. The results reported in the literature 

show that the proper determination of the optimum LRUT parameters depends strongly on 

the bulk acoustic properties of the coating materials. The bulk acoustic properties of coating 

materials reported in the literature show that they could vary significantly depending on the 

coating material age, temperature and bonding level. The methods for acoustic 

characterisation of coating materials reported by other researchers, have been studied and it 

was found that they do not take into account the temperature changes and bonding level 

variation.   

In this work, the bulk acoustic properties of two highly viscoelastic bitumen based coating 

materials are investigated.  The conventional methods for acoustic characterisation are 

studied and a new method for independent measurement of bulk shear properties of 

bitumen is developed. The bulk acoustic properties of bitumen based coating materials are 

also studied by two new characterisation methods. The first method derives the bulk 

coating material properties from experimental data on guided wave reflection coefficients. 

The second method derives the coating material bulk properties from experimentally 

measured guided wave attenuation data. It is demonstrated that these new methods deliver 

much more accurate values for the bulk acoustic properties when compared to the data 

measured by conventional methods. The second method is used to study the temperature 

effect on the bulk acoustic properties and it is demonstrated that temperature has a 

significant effect. The validity of the acoustic properties for the two bitumen materials is 

investigated through comparison between numerical predictions and experimental data 

measured for guided wave reflection coefficients and attenuation of the torsional T(0,1) and 

longitudinal L(0,2) guided wave modes. Good agreement is achieved in the frequency 

range between 20 kHz and 100 kHz, which is typical for LRUT of pipes.  
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Chapter 1 

 

Introduction  

Pipeline transport plays an important role in many industries. For example the pipeline 

network used for natural gas transportation in USA alone consists of more than three 

hundred thousand miles of pipes [1]. However, most pipelines have been in use for many 

years and the formation and growth of defects caused by metal corrosion and erosion can 

lead to pipes fracturing [2]. Damage of pipelines is an ongoing problem requiring 

inspection and subsequent maintenance decisions to ensure safe and reliable performance. 

Most conventional non-destructive testing (NDT) methods are suitable only for local 

inspection and their application for inspecting long lengths of pipes is not time and cost 

effective [3]. Long Range Ultrasonic Testing (LRUT) [4] is an NDT technique employing 

ultrasonic mechanical waves guided by the boundaries of the pipe (guided waves) in a way 

that allows many meters of the pipeline to be inspected for defects from a single test 

position [3-9]. LRUT also offers full volumetric coverage and has the potential to decrease 

maintenance costs and inspection time [9-12]. However, the presence of relatively thick 

viscoelastic bitumen coatings can severely reduce the LRUT inspection range or even make 

LRUT impossible [13-16]. This thesis investigates the influence of viscoelastic coating 

materials and their acoustic properties on the ability of LRUT technology to detect defects 

in coated pipes. The bulk properties of two types of bitumen based coating materials are 

investigated by novel acoustic characterisation methods and it is also demonstrated that the 

acoustic properties of these coating materials are strongly temperature dependent. 
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1.1 Aims and Objectives 

The main scope of this thesis is to investigate methods for studying guided wave 

attenuation and reflection coefficients from defects in pipes coated with viscoelastic 

materials and to develop new methods capable of determining the bulk acoustic properties 

of an unknown viscoelastic material over a range of different temperatures. The objectives 

of this work are: 

 To develop new methods for the determination of the bulk shear properties of a bitumen 

based material used to coat pipes over the frequency range 20 kHz to 100 kHz. 

 To obtain new data on the bulk acoustic properties of bitumen used for pipeline 

corrosion protection. 

 To develop new methods to determine the bulk acoustic properties of viscoelastic 

materials at different temperatures. 

 To generate new data for the bulk acoustic properties of coating materials at different 

temperatures and to use them in a theoretical model. 

 To compare measured data against predictions generated by theoretical methods for the 

attenuation and reflection of guided waves. 

 To obtain coating material properties suitable for future theoretical investigations into 

the scattering of elastic waves from defects in coated pipelines. 

The development of methods for measuring and/or predicting the attenuation and reflection 

coefficients for guided waves scattered by defects in coated pipes is of great practical 

interest. This is mostly because such methods would allow predicting which mode at which 

frequency will ensure the maximum test range in a specific coated pipe with respect to the 

defect of interest. It was mentioned before that some of the problems associated with LRUT 

of coated pipes have been investigated by other researchers. Unfortunately the ratio 

between the methods for studying coated pipes reported in the literature and those which 

could be used on-site is relatively low. The motivation for this work is to go beyond the 
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current knowledge on methods for studying coated pipes by investigating and suggesting 

new and better methods. Therefore, even though the current study is focused on guided 

wave propagation and reflection coefficients in bitumen coated pipes, the findings 

described in this work are applicable in many other areas associated with the 

characterisation of the dynamic behaviour of viscoelastic materials, including guided wave 

propagation in waveguides with attenuation, and guided wave interaction with defects.  

1.2 Thesis outline 

The thesis is divided into seven chapters:  

Chapter 2 provides a general overview of the theory of bulk waves that forms the basis of 

the following section on guided waves and their application in LRUT. Chapter 2 also 

reviews the theoretical and experimental methods on viscoelastic wave propagation and 

associated problems reported in the literature 

Chapter 3 deals with experimental methods for the independent measurement of the bulk 

acoustic properties of coating materials and also presents a new method for the 

experimental measurement of the bulk shear properties of viscoelastic bitumen.  

Guided wave attenuation in coated pipes is studied in Chapter 4 by a new method which 

does not rely on measuring a reflected signal and which can measure guided wave 

attenuation in a continuous coated pipe. The method is also used for studying guided wave 

attenuation in coated pipes at specific temperatures. 

Chapter 5 presents a novel method for the acoustic characterisation of a viscoelastic coating 

material. The method derives the coating material properties by comparing prediction with 

experimental data for the reflection coefficient from a discontinuity with known geometry 

located in a coated pipe.  

Chapter 6 deals with the practical application of the findings reported in the previous 

chapters. It shows that the bulk acoustic properties for a bitumen coating material measured 

by the independent methods investigated in Chapter 2 do not give good correlation for 

those measurements reported in Chapter 4. The chapter then presents a new method to 
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determine the bulk acoustic properties from measured guided wave attenuation data. The 

method is used to study the temperature dependence of the bulk acoustic properties of 

bitumen and good agreement is achieved between numerical predictions based on the 

values provided by the new method, and experimental data on attenuation at specific 

temperatures for torsional T(0,1) and longitudinal L(0,2) guided wave modes. 

Chapter 7 summarises the main conclusions of the thesis and discusses potential future 

applications. 
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Chapter 2  

Literature review 

The main scope of this chapter is to provide a background to the following chapters and to 

investigate the current knowledge on theoretical and experimental methods allowing 

determination of guided wave characteristics in pipes coated with viscoelastic materials. 

The chapter starts with conventional bulk wave theory and this forms the basis of the 

following sections on guided waves and their application in LRUT. The last two sections 

provide a review of the theoretical and experimental methods on guided wave propagation 

in coated pipe and associated problems reported in the literature. The literature review also 

deals with methods for the characterisation of the bulk acoustic properties of coating 

materials as these are needed as input parameters for theoretical models.  

2.1 Ultrasonic bulk waves 

Bulk stress waves are mechanical waves propagating through a medium. When used in 

NDT they are quite frequently referred as ultrasonic waves. This is because their frequency 

is above the human audible range, which is typically above 20 kHz. Following [17, 18] the 

bulk wave speed   in    , wavelength   in   and frequency   in    are related by 

    .                                                      (2.1) 

Bulk waves exist in unbounded media or in materials where the boundaries do not affect 

wave propagation and their acoustic properties depend on the bulk mechanical properties of 

the medium [17, 18, 19]. Depending on how the material’s particles move with respect to 

the bulk wave propagation vector   , three types of bulk waves are possible. These are 

associated with the direction,  , of the three particle displacement vectors     
( )

(  

 , , ). These can be referred to as having different polarizations. Pure modes can be 

defined in different ways, and Auld defines them in [18] as modes where either           or 

         . Where,            we say that the mode is longitudinal, and where            we can say 
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that the mode is shear as shown in Figure 2.1. Following [20], when a bulk wave 

propagates in a linear, viscoelastic and unbounded medium, the particles displacement   

are described by Navier’s equation [18] 

  (  ) 2  ( (  )   (  )) (   )   
   

    ,                          (2.2) 

where  (  ) and  (  ) are the complex frequency dependent Lamé constants and   is the 

density of the medium. 

 

Figure 2.1: Longitudinal and shear bulk wave.  

Accordingly, the velocities of the bulk wave depend on the bulk mechanical properties of 

the viscoelastic medium and these are described by: 

  (  )  √
  2   (   2  )

 
 ,                                           (2.3) 

  (  )  √
   (  )

 
                                                    (2.4) 
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Following [20], the terms    and    are the wave velocities of the longitudinal and shear 

bulk waves respectively. They are specified as complex and frequency dependent (  ) in 

the case of a viscoelastic material. The terms   and    are the real and imaginary parts of 

the first Lamé constant, and   and    are the real and imaginary parts of the second Lamé 

constant. The Lamé constants are material properties that are related to the elastic modulus 

and Poisson ratio [21]. The second Lamé constant is identical to the shear modulus of 

elasticity  . The term   is the density of the media. The constants    and    are real and 

exactly equal to the bulk velocities of longitudinal and shear waves respectively if the 

media is perfectly elastic and the damping parameters [primed terms in Eqs. (2.3) and (2.4)] 

are zero, [20,21]. In reality materials are not perfectly elastic and bulk wave amplitude 

attenuates with distance. Following [20-23], in case of attenuating waves the longitudinal 

and shear acoustic speed are complex and frequency dependent and are given as 

  , (  )   [
 

   , ( )
  

  , ( )

 
]
  

,                                      (2.5) 

where    ,  represents the bulk acoustic speed in meters per second (the rate at which the 

stress propagates through the medium, which is always real) and   , ( ) is the attenuation 

in Nepers per meter, such that a wave of unit amplitude is reduced to an amplitude of     

after traveling one meter. 

Following [20-23], the acoustic velocity     ,  and attenuation constant   , ( ) can be 

defined from the complex wave velocity   , (  ) by 
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2.2 Ultrasonic guided waves 

In contrast to the bulk waves, guided waves refer to mechanical waves guided by a 

surrounding medium such as pipe, plate, rod or rail [17, 18, 24]. The wave is termed 

“guided” because it travels along the bounded medium guided by its geometric boundaries. 

Since the wave is guided by the geometric boundaries of the medium, the geometry has a 

strong influence on the wave propagation characteristics. In contrast to the longitudinal and 

shear ultrasonic bulk waves, where acoustic speed and attenuation depends on the bulk 

mechanical properties of the medium, the guided wave phase speed and attenuation can 

vary significantly with frequency, as well as the waveguide geometry. In addition, at a 

given frequency, guided waves propagate in different wave modes and orders [17-19]. 

Following [25], a guided wave propagating in the positive    (axial) direction along 

cylindrical waveguide can be assumed time harmonic and described as 

                                                    ( ,  ,    )     ( )      (     ).                               (2.8) 

Where                        is the displacement vector in cylindrical coordinates 

( ,  ,  , ), and     ,    ,     are the unit vectors associated with each direction;   is the angular 

frequency and   is the wavenumber. The circumferential order   is an integer that describes 

the symmetry of the waveform around the   axis. Depending on the circumferential order   

and type of displacement the guided wave modes are divided into several types, as shown 

in Figure 2.2. When    , the guided wave modes are referred as axisymmetric and they 

have identical displacement vectors around the circumference. When     the guided 

wave modes are referred as non-axisymmetric and the amplitude of the displacement vector 

varies around the circumference. The axisymmetric guided wave modes can be decoupled 

in two families: torsional  ( ,  ), and longitudinal,  ( ,  ). The torsional modes have 

only circumferential displacement,   , whereas the longitudinal modes have both axial    

and radial    displacements. The modes without axial symmetry,    , are termed 

flexural modes  ( ,  ) and these have displacements in all three directions   ,    and   , 

as shown in Figure 2.2.  
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The torsional and longitudinal guided wave modes with order     have displacements 

similar to guided wave modes in plates [14]. For example the T(0,1) mode in pipes is 

analogous to the shear horizontal mode SH0 in plates because both modes display shear 

motion when they propagate. Both L(0,1) and L(0,2) have displacements parallel and 

normal to the pipe surface, with displacements in the axial   , and radial,    direction, 

respectively. The difference between these two modes is in their dominant displacement: 

L(0,1) has greater displacement normal to the pipe surface and it is analogues to A0 mode 

in plates. L(0,2) mode has greater displacement parallel to the pipe surface and it is 

analogous to the S0 mode in plates. 

 

Figure 2.2: Guided wave modes in a cylindrical waveguide, [25]. 

If we assume that the waveguide’s material is perfectly elastic, following Eq. (2.8) the 

guided wave mode will propagate in the   direction without decreasing in amplitude.  In 

reality materials are not perfectly elastic and they exhibit a certain level of viscoelasticity 

[26, 27]. When the waveguide is made of a viscoelastic material part of the energy carried 

by the guided wave mode is absorbed by the material and its amplitude decays with 

distance. If the material is viscoelastic then the wavenumber   becomes complex and the 

real part of the wavenumber provides information about the guided wave phase speed, and 

the imaginary part of the wavenumber provides information on the attenuation. Following 

[25], the guided wave phase speed is described as  

    
 

  ( )
                                                           (2.9) 
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The phase speed is frequency dependent except for the fundamental torsional mode T(0,1). 

Figure 2.3 shows the phase speeds for a pipe made of stainless steel with outside diameter 

of       and wall thickness of      [28]. This figure shows the guided wave speed at a 

particular frequency and it is applicable when a continuous wave at a single frequency is 

excited. 

 

Figure 2.3: Phase speed dispersion curves, taken from [28]. 

The guided waves used in long range ultrasonic testing are usually excited by a tone burst 

signal consisting of several cycles of a particular frequency [29], see Fig. 2.4. The tone 

burst signal is usually modulated by a windowing function, such as a Hanning window 

[30], in order to reduce the bandwidth of the pulse. However, the pulse still has a certain 

bandwidth and so it will propagate with its own velocity, known as its group speed. 

Following [25], the group speed is defined mathematically as 
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 ,                                                       (2.10) 

 

 

Figure 2.4: Phase speed vs. group speed. 

Figure 2.5 shows the group speed for the same pipe size/material as that used to calculate 

the phase speed dispersion curves in Fig. 2.3. Dispersion refers to the different frequency 

components traveling with different phase speeds as the signal propagates through the 

medium. As result of this, the signal elongates and lowers its maximum amplitude as it 

travels. When the group speed is equal to the phase speed the wave is non-dispersive. 

Those guided wave modes with low dispersion, such as  ( , ), and no dispersion T(0,1) 

are the most commonly used for LRUT in pipes [9, 31]. This is because dispersion 

complicates the LRUT of pipes by deteriorating the signal to noise ratio and making the 

determination of the time of flight of each reflected signal difficult [32]. 

 

Time 
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Figure 2.5: Phase speed dispersion curves [28]. 

Another complication is the presence of number of guided wave modes over certain 

frequencies as these have different modal shapes and propagation characteristics. In 

comparison with the bulk waves, the guided waves speed and attenuation depends on 

number of parameters. The problem becomes even more complicated when we want to 

study the propagation characteristics of guided waves in multilayered structures such 

coated pipes. In this case the guided wave phase speed and attenuation depends on the bulk 

acoustic properties of the metal substrate (pipe wall), as well as the bulk acoustic properties 

of the coating material and its geometry. This dependence is summarised as 

  , .   ( ),    ( )/   (  ( , ),   ( , ),   , ( ), ( , ),  ( , ))            (2.11) 

where the frequency dependent phase speed    ( ) in    , and attenuation    ( ) in 

     of the   ,  guided wave mode is a function of the bulk longitudinal speed   ( , ) in 
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   , bulk shear speed   ( , ) in    , density  ( , ) in       and the radius  ( , ) in   of 

the steel pipe and coating material, respectively. The constant   , ( )  represents the bulk 

longitudinal and shear attenuation constants of the coating material in    . The attenuation 

in the coating materials investigated is considered to be not stress dependent. The steel 

material for the pipe is considered to be perfectly elastic in this study, so no attenuation 

values are considered for the steel pipe wall.  

2.3 Long Range Ultrasonic Testing 

The principle of LRUT is based on an ultrasonic guided wave being sent along the pipe 

wall and recording and processing the signals reflected back from features/defects located 

along the pipe [4-11]. Changes in the pipe wall thickness cause a disruption to the guided 

wave and produce both reflections and changes to the transmitted wave. Because of the 

excitation around the whole circumference, there is no geometric spreading of the wave 

front and so there is low attenuation of the sound travelling along the pipe walls. The 

typical frequency range for the use of ultrasonic guided waves is between 20 kHz and 100 

kHz. The successful commercial application of LRUT technology has been achieved by  

developing specialised multi-channel pulse/receiver units that use cylindrical multi-ring 

arrays of ultrasonic transducers. More details about those ultrasonic transducers used in 

these systems can be found in [32-34]. There are several guided wave inspection systems 

available commercially including Plant Integrity Ltd. [35], Guided Ultrasonics Ltd. [36],  

M.K.C. Korea [37], and Olympus Corporation [38].  The author was working for TWI Ltd. 

during the development of the work in this thesis and so the majority of the experimental 

work reported here was conducted with the Teletest® LRUT equipment, which is 

commercially available through Plant Integrity Ltd. [35]. The Teletest® system is sensitive 

to pipe wall cross section loss, which makes it suitable for detection of internal and external 

corrosion. Normally it can reliably detect down to about 9% of wall loss but its sensitivity 

can be improved by using focusing techniques [39-42]. The use of a focusing technique 

then allows detection of defects up to an equivalent 3% wall cross section area loss. A 

typical LRUT field setup is shown in Figure 2.6.   
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Figure 2.6: Typical LRUT field setup. 

Teletest® detects the presence of defects by the generation of a few cycles of a guided 

wave mode with known propagation characteristics (phase/group speed and attenuation), 

which is launched along the pipe wall and the signals reflected back from defects located 

along the pipeline are then recorded back at the Teletest® equipment. The desired guided 

wave mode is generated using several rings of dry coupled piezoelectric shear mode 

transducers [32, 33]. The transducers are placed into modules, each of them containing five 

transducers, as shown in Fig. 2.7. The modules cover the whole circumference of the pipe 

and they are coupled to the pipe by applying pressure generated by a cylindrical inflatable 

collar surrounding each module. The shear mode transducers are designed to generate in-

plane displacements parallel to the pipe surface and orientated along the longer dimension 

of the transducer’s faceplate.  

 

Figure 2.7: Teletest® module with transducers, [35]. 
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The transducers in ring two and four are orientated along the circumference of the pipe, in 

the   direction. These rings are designed to generate T(0,1) guided wave mode. The 

transducers in the other three rings, (one, three and five) are orientated in such a way that 

they generate displacements in the axial direction. These three rings are designed to 

generate the L(0,2) guided wave mode. The rings are designed to generate a single mode by 

applying appropriate phase delays between each ring. However, the fixed ring spacing 

means that the backwards going signal cannot be cancelled at every possible frequency. In 

order to minimize the amplitude of the backwards going signal the ring spacing is selected 

in such way so most of the energy is directed in forward direction in the frequency range of 

interest. Using this technique, a T(0,1) guided wave mode can be generated in one direction 

using two rings of transducers because it is the only axisymmetric torsional mode having 

identical displacement    around the circumference of the pipe. Unfortunately, two rings 

are not enough to generate L(0,2) because there is another guided wave mode, L(0,1), that 

also has axial,    and radial,    displacements. The generation of L(0,1) mode may only be 

cancelled when L(0,2) mode is generated by adding an additional ring and applying the 

appropriate phase delays between the electrical signals for three rings. 

The electrical signal used to excite each ring of transducers consists of several cycles of a 

periodic sine wave with a centre frequency between 20 kHz and 100 kHz. The amplitude is 

modulated using a Hanning window in order to reduce the bandwidth of the signal. It is 

defined by the Hanning function [30] as  

 ( )   
 

2
( −    

  

 
)                                     (2.12) 

Figure 2.8 shows ten cycles of a Hanning modulated signal which is used as an excitation 

signal.  
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Figure 2.8: Ten cycles of Hanning modulated signal. 

Once the guided wave is generated it travels along the pipe wall until it reaches an area 

with a different acoustic impedance. A change in the acoustic impedance can be caused by 

a change in pipe wall thickness or a pipe wall discontinuity. A change in pipe wall 

thickness can be caused by internal or external erosion/corrosion, which makes the LRUT 

suitable for the detection of this type of defect. Pipe wall thickness change can also be 

caused by adding material to the pipe wall. This means that the LRUT is also sensitive to 

features commonly found on pipes like welds, flanges and branches [9, 11, 31]. The girth 

welds used to join pipes usually reflect approximately 20% of the incoming wave [9]. Pipe 

wall discontinuity also can be caused by a through thickness crack which could be located 

along the circumference of the pipe or along the pipe axis. In most cases axial cracks 

cannot be successfully detected because they have a small cross section in the guided wave 

propagation direction. The signals reflected from the features located along the pipe are 

recorded in the time domain. The position and size of the defects and features of interest are 

determined by processing and analysing the recorded signal. Usually, the processed data is 

presented as an A-scan, shown in Figure 2.9. 
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Figure 2.9: Processed guided wave data. Teletest®, [35]. 

Each curve is superimposed by the user onto to the time domain plot.  The curves are 

movable so that the user can line them up with a particular signal on the chart.  For 

example, the light blue curve is lined up with the reflected signal from the first known weld 

in the diagram. The light blue curve then corresponds to the expected amplitude of all other 

signals with the same strength as the first weld, which indicates that all signals lining up 

with this light blue curve are also welds. This process may be repeated for other known 

defects and this enables the operator to eliminate signals that are from a known source so 

that it is possible to focus on defects. The amplitude of the signals reflected depend on the 

change in the acoustic impedance and the axial and circumferential extent of the defect, 

[43-45]. When an axisymmetric mode like T(0,1) or L(0,2) interacts with defect that has a 

non-axisymmetric geometry (like local patch of corrosion), the defect reflects part of the 

axisymmetric mode but the reflection also generates non-axisymmetric (flexural) modes 

[12]. By processing the set of modes reflected the operator can try and determine the 

geometry of the defect and its location around the pipe. The detection and processing of 
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flexural modes is also possible as result of the Teletest® equipment design, which can 

record and process signals from different sections of the cylindrical array of transducers 

clamped around the pipe. 

If the pipe is in good condition, uncoated and installed above ground then the LRUT 

inspection range is more than 100m from a single test position [9]. When the pipe is painted 

or coated with a relatively thin viscoelastic material then the typical practical range of use 

is usually between 20 m and 40 m in each direction [9-11]. In case of a pipe coated with a 

relatively thick layer of viscoelastic bitumen (>0.5mm) then the LRUT inspection range 

may be limited to few metres or may even be practically impossible [9, 13-16]. The 

presence of a bitumen coating material reduces the inspection range by introducing 

additional attenuation along the pipeline, reducing the energy of the incident and reflected 

waves and making responses from defects difficult to detect. The energy reflected back to 

the LRUT tool depends simultaneously on the guided wave attenuation along the coated 

pipeline and the energy reflected from the defect. The first part of that problem, associated 

with the increased attenuation along the pipeline by the presence of the viscoelastic coating 

material, is not new. It has been studied by other researchers [9, 13-16, 46, 47] and they 

show that certain guided wave modes operating at certain frequencies could ensure longer 

propagation distance in coated pipes, and also that the attenuation spectra of each mode 

strongly depends on the bulk acoustic properties of the viscoelastic coating material. This 

has led to the development of several methods for acoustic characterisation of liquid and 

solid viscoelastic materials, see for example [13-16, 22, 48, 49]. The second part of the 

problem associated with the energy reflected back from defects located in coated pipes is 

relatively new and it has been studied mostly in pipes without coating material applied [50-

53].  

2.4 Methods for studying guided waves in coated pipes 

The propagation of guided waves in coated pipes is a problem that has occupied researchers 

for many years. This has been prompted by the fact that this type of wave is widely used in 

the long range ultrasonic inspection of structures over long distances. Guided wave modes 

can be described mathematically by a characteristic equation which describes the guided 
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wave mode displacements as function of frequency, speed, pipe geometry and material 

properties. The characteristic equation is solved by setting its value to zero and the 

solutions are determined in an iterative way. Solutions provide information on the guided 

wave modes available in the frequency range investigated and how their speed changes 

with frequency. The solutions are most commonly plotted as dispersion curves. There are 

commercially available programs, such DISPERSE [21], which can generate dispersion 

curves for cylindrical structures and plates using an iterative approach. DISPERSE uses the 

global matrix method described in [21, 54] to find the solutions. The global matrix method 

was also used by Barshinger [20, 22, 23] to determine guided wave characteristics for a 

coated pipe. His studies show that the global matrix method is not all that computationally 

efficient when used for studying coated pipes, and it can predict attenuation only for pipes 

coated with a relatively thin material. However it has the benefits of simplicity and inherent 

numerical stability that can be difficult to achieve in the transfer matrix method described 

by Lowe [54]. 

Simonetti studied the propagation of guided wave in viscoelastic bilayers [14, 55-57], with 

the aim of determining the modes and frequencies at which attenuation is minimal. The 

author primarily analyses shear horizontal modes and Lamb modes propagating in elastic 

plate-like structures coated with viscoelastic layers. He specifies that these waves are 

analogous to the torsional T( ,  ) and longitudinal L( ,  ) modes used in LRUT of pipes. 

The author supports this claim by stating that most insulated pipes are characterized by a 

large diameter to thickness ratio and in this case the curvature of the pipe does not have a 

large impact on the characteristics of the guided modes. The propagation of shear 

horizontal modes investigated in [14, 55], and Lamb modes investigated in [14, 56], has 

also been analysed by Simonetti with the help of an analytical formulation based on 

superposition of partial bulk waves (SPBW), which uses the transfer matrix method 

described in [54]. For this purpose, a comparison is made between the propagation of the 

modes of interest in a perfectly elastic system and those in a viscoelastic bilayer system. 

The input parameters used in this analysis are the geometry of the waveguide and the bulk 

acoustic properties of the viscoelastic material.  
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Here it should be noted that Simonetti differentiates between the purely theoretical models 

based upon linear viscoelasticity described in [58, 59] and the actual behaviour of 

viscoelastic materials, discussed in [60, 61]. For the sake of further theoretical research on 

the propagation of guided modes, Simonetti accepts constant acoustic speed and attenuation 

that is linearly proportional to frequency. Based upon the results of the theoretical analysis 

of shear horizontal and Lamb modes in a viscoelastic bilayer system, Simonetti 

demonstrates that the attenuation spectra of guided wave modes in elastic waveguides 

coated with viscoelastic material exhibit minima and maxima, the positions of which are 

strongly dependent upon the geometric and acoustic characteristics of the viscoelastic layer 

in question. The author also demonstrates that the position and amplitude of the first 

attenuation peak strongly depends upon the shear acoustic properties of the viscoelastic 

layer.  

Luo studied in the propagation of L(0,2) in plain and coated pipes [53, 62], and used the 

commercial finite element package ABAQUS [63] to model coated pipes using wave 

focusing. More information about the finite element modelling of linear continuous systems 

using commercial packages can be found in [64-66]. The pipe studied by Luo is made of 

mild steel with outside diameter of 273 mm and wall thickness of 9.27 mm, and the number 

of elements used to discretise a 1.6m length is 99,600. The desired wave modes are 

generated by Luo by applying a narrow-band tone burst excitation (dynamic load) at the 

end of the pipe. Attenuation was introduced using Rayleigh damping which is embedded 

into the ABAQUS modelling package. Results presented by Luo show that the focusing 

technique enhances penetration power in pipe inspection and improves the probability of 

detection. Although this improves the sensitivity of the approach, results show that the 

inspection range is still severely reduced by presence of highly viscoelastic coatings.  

Luo [53] also investigated the global matrix method as well as the complex root finding 

algorithm of Barshinger [23]. Luo presented a new improved complex root finding 

algorithm and this was used to conduct parametric studies by changing the basic material 

properties and determining the effect on guided wave propagation. The results show that 

the propagation characteristics of different guided wave modes are strongly affected by the 

coating material bulk properties.  
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Guided wave propagation in coated pipes has also been studied experimentally by Luo [53], 

who measured the attenuation of T(0,1) and L(0,2) in a pipe coated with 2 mm of wax. The 

desired modes were generated with a tone burst system and an array of transducers firmly 

clamped around the pipe. Attenuation was measured by comparing the back wall reflection 

amplitudes for coated and uncoated pipes. Luo shows that the attenuation of T(0,1) is much 

higher than L(0,2).  

Mu and Rose [67] investigated the possibility of using the semi-analytical finite element 

(SAFE) method to determine the phase speed and attenuation of modes in a coated pipe. 

They justify the choice of a SAFE formulation by describing the complications associated 

with the root searching technique of the global and local transfer matrix methods, which 

makes them computationally inefficient for studying coated pipes. Mu and Rose simplify 

the problem by reducing the two-dimensional (2D) SAFE method reported by Sun in [68] 

to one-dimensional (1D) SAFE method. Although such simplification improves the 

accuracy in the calculation for flexural modes with higher circumferential orders, and 

reduces computation cost, Mu and Rose report that the difficulties associated with mode 

differentiation inherent for the SAFE method still exist in their formulation. They address 

this by utilising modal orthogonality to separate different families of modes. The stability 

of the SAFE method is investigated by generating numerical predictions for a pipe with an 

outside diameter of 114.3 mm and a wall thickness of 6.02 mm, coated with 0.5mm of a 

highly viscoelastic Bitumastic 50 bitumen material. The results of Mu and Rose are shown 

in Figure 2.10, and this demonstrates that the SAFE method can handle highly viscoelastic 

materials such bitumen and it can be successfully used to generate numerical predictions up 

to 1.4MHz, and attenuations of over 100dB/m.   
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Figure 2.10: Guided wave phase velocity and attenuation, from [67]. 

The validity of the SAFE formulation reported by Mu and Rose is investigated by Hua and 

Rose in reference [15]. Here the SAFE method predictions are compared against 

experimental measurements and FEM based predictions generated by the commercial 

software ABAQUS. Predictions are presented for  a pipe with an outside diameter of 114.3 

mm and a wall thickness of 6.02 mm, coated with Bitumastic 50 bitumen material. The 

predictions were generated for coating thickness varying from 0.5mm to 2.5mm in 0.5mm 

intervals at frequency of 80kHz. Results presented show good correlation between the 

SAFE method and FEM ABAQUS predictions. The slight mismatch between the numerical 

predictions and the experimentally measured data is explained with variations in the 

coupling between the coating material and the pipe wall. 

Kirby et al. simplify the general SAFE method in [69] and [70] by finding the torsional 

modes and longitudinal modes for a coated pipe separately. This is achieved by separating 

Navier’s equation into its three components and then solving the equation for the 

circumferential displacement to find the torsional modes, and the radial and axial 

displacement to find the longitudinal modes. The SAFE method is then used to model 

scattering from an area discontinuity (or defect) located in coated pipe. For uniform defects 

the modes in the defect are calculated using the SAFE method, and for non-uniform defects 

a finite element discretisation is used for the region surrounding the defect [69, 70]. In both 

cases the modes in the uniform section of the pipe before and after the defect are 
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determined by modal expansion technique and then these modes are then matched to the 

solution for the defect using a mode matching technique. This enforces the appropriate 

continuity conditions over the planes located at the beginning and the end of the defect and 

so enables the calculation of the modal amplitudes in the pipe. The validity of this approach 

was investigated by comparing numerical predictions against experimental data for 

reflection coefficients from defects with uniform and non-uniform geometries in a coated 

pipe for L(0,2) and T(0,1). Kirby et al. found a significant discrepancy between 

measurement and prediction if the predictions are obtained using data for bitumen in the 

literature [20]. This problem is reviewed and addressed in the chapters that follow in this 

thesis. 

The experimental results for guided wave attenuation in coated pipes reported by Cobb et 

al. [71] also show that attenuation depends not only on the coating material type but also on 

its temperature. Researchers like Simonetti [14, 55-57], Lakes [26] and others report that 

the mechanical properties of some viscoelastic materials could strongly depend on 

temperature and as result of this their bulk acoustic properties are also expected to be 

temperature dependent. The study of Cobb et al. [71] investigates the temperature 

dependence of the attenuation of T(0,1) for a pipe with an outside diameter of 168 mm and 

a wall thickness of 7.01 mm, coated with the following coating materials: enamel TGF-3 

coating, coal tar epoxy CTE coating, and a polyethylene coating PRITECs. The attenuation 

measurements were conducted between 17.8 ºC and 48.9 ºC in 5.6 ºC increments by 

measuring the amplitude drop of the signal reflected from the pipe ends. The end of the 

pipe was excited in T(0,1) mode by a pulse/receiver tool using the Magnetostrictive Sensor 

technology described in [72]. Results covering a frequency range between 10kHz and 

60kHz show that the attenuation of the T(0,1) mode in coated pipes is strongly dependent 

on both temperature and frequency. The guided wave attenuation dependence on frequency 

was previously numerically and experimentally demonstrated by other researchers, but the 

data on guided wave attenuation dependence on temperature is something new and 

interesting. Further investigation of the experimental data presented in [71] show that 

increasing the frequency and temperature could reduce the attenuation of T(0,1) by more 

than ten times. This shows that when the optimum parameters for LRUT are selected the 

temperature should also be taken into account.  
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2.5 Summary 

Most of the results reported in the literature on global and local matrix methods suggest that 

these methods have limitations when used for studying guided waves in pipes coated with 

thick viscoelastic materials. These difficulties have been overcome by using conventional 

finite element modelling packages, although the increased size of the problem caused by 

the need to discretise the whole 3D structure is still an issue. One possibility to study 

guided waves in coated pipes in a computationally efficient way is to use the SAFE 

method. The SAFE formulation reduces the size of the problem by an order of one and so 

significantly reduces computational expenditure, and can easily be applied to viscoelastic 

coating materials. Although the SAFE has some problems with the modal differentiation, 

this can be overcome using modal orthogonality.  

The experimental methods available for measuring guided wave attenuation in coated pipe 

are applicable only to pipes with limited length, where multiple reflections from the pipe 

ends could be obtained. The coating properties such thickness, density and bulk acoustic 

properties can have significant effect on guided wave attenuation. The guided wave 

attenuation results reported in the literature show that the bulk shear properties of the 

coating play major role on guided wave attenuation spectra in the frequency range of 

interest. This hypothesis has been also confirmed in Simonetti’s work [55-57]. 

Some studies on coated pipes reported in the literature that look at actual installations of 

pipework show that the coupling between the coating material and the pipe wall is not 

always perfect and usually degrades with time. This suggests that guided wave propagation 

in coated pipes could be more accurately modelled by taking into account the actual 

coupling between the pipe wall and the coating material, however this is likely to be 

difficult to quantify. 

The guided wave attenuation in coated pipes is not a steady increasing function with 

frequency. It exhibits minima and maxima. The frequency range over which the attenuation 

minima occur is of practical interest. The position and the amplitude of the minima and 

maxima strongly depends on the bulk shear properties of the coating material. The 
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temperature can also have a significant effect on guided wave attenuation in coated pipes. 

This is most likely because the temperature affects the bulk mechanical/acoustic properties 

of the coating material and as result of that the guided wave attenuation is affected too. This 

assumption needs further investigation in order to clarify the guided wave attenuation 

temperature dependence and obtain data quantifying its behaviour. 

2.6 Acoustic characterisation of coating materials 

Although acoustic characterisation of viscoelastic materials is a matter which has occupied 

researchers for many years, the methods for acoustic characterisation of viscoelastic coating 

materials used for corrosion protection of pipes have been studied only recently and few 

methods have been developed.  

The method reported by Simonetti in [14, 48] is specifically designed for acoustic 

characterisation of liquid bitumen based materials.. The material investigated, TML 24515 

45/60 is in a liquid state and its bulk properties are measured when added to a thin copper 

tube as shown in Figure 2.11. The tube was excited in T(0,1) mode by two piezoelectric 

shear transducers clamped to the copper tube. The amplitude of the torsional mode was 

measured at several positions by a laser vibrometer [90] and the phase speed and 

attenuation were measured experimentally between 10 kHz and 90 kHz. The bulk 

properties of bitumen were determined from measurements of attenuation and phase speed 

of T(0,1) and a set of contour plots generated by DISPERSE [21].   

 

Figure 2.11: Experimental setup [14]. 
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The results of Simonetti [14] shown in Fig. 2.12 reveal that the bulk shear velocity and 

attenuation for liquid bitumen are frequency dependent. Their validity is investigated by 

comparing the measured phase speed and attenuation spectra against predictions based on 

relations derived from the Kramers-Kroning relationships [14, 48].  

 

Figure 2.12: Dispersion curves for bitumen TML 24515 45/60: (a) bulk shear velocity against 

frequency; (b) bulk shear attenuation against frequency. From [14]. 

However, the method for characterisation of liquid bitumen materials reported by Simonetti 

in [14, 48] is not applicable to solid materials, and so Simonetti proposes a second method 

suitable for analysing solid viscoelastic materials and these are described in [14, 49]. This 

method is based on frequency interferometry, where the sample's acoustic properties are 

derived from the measured reflection and transmission coefficients of a T(0,1) mode 

traveling through a thin sample that is firmly clamped between two identical cylindrical 

bars acting as waveguides. The experimental set up is shown in Figure 2.13 and this was 

used by Simonetti for the acoustic characterisation of an 18.5 mm long Acetal Copolymer 

Plastic (POM) cylinder with a diameter of 6mm. 
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Figure 2.13: Experimental setup, from [14]. 

Simonetti studied the transmission coefficient spectra and concluded that the bulk shear 

speed for the material investigated was constant and equal to 870 m/s over the frequency 

range investigated. The bulk shear attenuation was found to be 0.105 Np/wl. The method 

was validated using a variation of the method for acoustic characterisation of liquid 

bitumen material described in [14, 48]. The measured values of bulk shear speed and bulk 

shear attenuation were 2.3% higher and 5% lower, respectively. 

The method for measuring shear acoustic properties in solid materials reported by 

Simonetti was also used to measure the shear bulk properties of four different bitumen 

coating materials. These coating materials have been in use and their properties are 

influenced by aging. The results from these measurements are summarised in Chapter 3.  

Several characterisation methods based on conventional pulse-echo and through-

transmission technique used in MHz frequency range [73,74] have been used by Luo, [53], 

Van Velsor [16], and Barshinger [20] to determine the bulk properties of bitumen materials. 

The main disadvantage of these methods is that they determine the bulk properties in MHz 

frequency range and the direct application of these properties in the kHz frequency range 

can be associated with significant errors.  

The methods for acoustic characterisation reviewed so far can be categorised as local, this 

is because they can be used to determine the bulk properties of a sample of coating material 

with limited dimensions. In reality the bulk acoustic properties of a coating material will 
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vary along the pipeline and it would be much better if we can determine some average 

values for the bulk properties of the coating material which are valid for the entire coated 

pipe of interest. The method presented by Hua and Rose in [15] uses a new, experiment 

based method, which can determine the bulk shear attenuation constant of bitumen material 

from guided wave attenuation data measured in a pipe coated with the bitumen material of 

interest. Figure 2.14 shows a flow chart of the method.  

 

Figure 2.14: Flow chart of the method for shear attenuation determination, from [15]. 

The attenuation dispersion curve program is based on the SAFE formulation reported in 

[67] and the shear attenuation constant is obtained after a few iterations by comparing 

experimentally measured T(0,1) guided wave attenuation against SAFE predictions based 

on suggested values for the shear attenuation constant. The comparison was conducted at 

single frequencies by varying only the shear attenuation constant and keeping the other 

bulk properties constant. The method was used to determine the shear attenuation constant 

of four different coating materials, two of which were bitumen based.  The other acoustic 

properties of the coating materials were measured by the previously discussed 

reflectometry and through-transmission based methods in the MHz frequency range. The 

bulk acoustic properties of the four coating materials measured were used as input 

parameters for FEM simulations carried out at single frequency of 80 kHz. The FEM 

predictions were compared against experimental measurements for T(0,1) guided wave 

attenuation at 80 kHz and the results show differences no larger than 10% between 

measurement and prediction.  
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The method presented by Hua and Rose in [15] provides values for the shear attenuation 

constant which is valid at the frequency at which it was determined. However, in the work 

presented in this thesis values for the bulk acoustic properties of the coating material are 

required between 20 kHz and 100 kHz. However, this method is much more advanced 

compared to the methods for local coating materials characterisation reviewed so far. This 

is mostly because the method provides values for the shear attenuation constant valid for 

the whole coating material applied on the pipe and these values also take into account the 

coupling between the pipe wall and the coating material.  

2.7 Summary 

Most of the methods for the acoustic characterisation of coating materials available in the 

literature are based on conventional ultrasonic techniques utilizing ultrasonic bulk waves in 

the MHz range. Although it has been reported that these methods can be successfully used 

for coating materials characterization in the MHz range, the problems associated with using 

the bulk properties determined in the frequency range of interest (below 100 kHz) have not 

been investigated completely. Most researchers extrapolated acoustic properties measured 

in the MHz range to lower frequencies by assuming that the attenuation for the coating 

materials investigated is linear function of frequency, and its acoustic speed is constant with 

frequency. This approach can be used for the theoretical demonstration of some general 

dependence between the coating material acoustic characteristics and the guided wave 

propagation characteristics. If we want a method which can predict the actual guided wave 

propagation characteristics in coated pipe, we need a method which is capable of 

characterising the coating material properties in the frequency range of interest. The other 

possibility is to find a valid method for extrapolating coating material properties measured 

in MHz frequency range towards the kHz frequency range. The guided wave based 

methods suggested by Simonetti can characterise the bulk shear properties of liquid and 

solid bitumen coating materials in kHz range, unfortunately these methods are not suitable 

for the Bitustik 4000 and Bituthene 4000 semisolid bitumen coating materials selected for 

this study. The method reported by Hua and Rose in [15] can determine the shear 

attenuation constant in different materials as long as they are successfully applied on a pipe, 
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but the other bulk acoustic speed needed as input for the method still needs to be 

determined by separate measurement. The method also needs T(0,1) guided wave 

attenuation data at certain frequency as an input parameter.  

The bulk acoustic properties of coating materials vary significantly and even the same 

coating materials could have different bulk acoustic properties depending on temperature 

variations and ageing. These variations in bulk acoustic properties of coating materials 

could be determined if a method for on-site coating material characterisation is used. 

The shear bulk properties of a given coating material are more difficult to measure 

experimentally. This is mostly because of the difficulties related to the coupling between 

the transducer and the specimen and the high rate of shear attenuation. The difficulties 

associated with the high rate of attenuation could be solved if an ultrasonic through 

transmission technique is utilised.  

Some of the bulk acoustic properties of the coating material of interest could be derived 

from experimental data showing the dynamic response of a coated pipe. The methods 

which derive the coating material properties from measured guided wave attenuation 

reported in the literature are applicable to pipes with a limited length. If we want to use that 

concept on-site we need to find a method which can do these measurements on-site. 

Those researchers who have studied the dynamic behaviour of different viscoelastic coating 

materials suggest that the bulk acoustic properties of viscoelastic coating materials are 

frequency dependent and this dependence is unique for each coating material. This 

frequency dependence is not investigated with respect to its influence on the accuracy of 

the numerical predictions on guided wave propagation characteristics in a coated pipe. 

Most researchers achieved good correlation between guided wave attenuation predictions 

and measurements by using a constant (not frequency dependent) bulk acoustic speed and 

attenuation.  
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Chapter 3 

Methods for acoustic characterization of Bitustik 4000 

Introduction  

The results reported in the literature clearly show that a coating material will have a 

significant effect on guided wave attenuation in pipes. One possibility to understand this 

effect is model guided wave attenuation using numerical predictions based on 

independently measured bulk properties for the coating material, and then to compare this 

against experimental data. The main aim in this chapter is to develop experimental methods 

capable of measuring the longitudinal and shear bulk properties of the coating material of 

interest and then later to compare this to theoretical predictions. The bitumen coating 

material selected for this study is               [75].  This material is a semisolid, 

rubberized bitumen compound pre-formed in a waterproof membrane with a nominal 

thickness of 1.5mm and a density            . A schematic diagram showing the cross 

section of the material studied is shown in Figure 3.1.  

 

Figure 3.1: Cross section of               coating material. 

The sticky bitumen compound is moulded around a fibre net made of 0.15mm thick 

polymer fibres. The main function of the polymer net is to avoid stretching of the material 

when it is applied to a surface. The top surface of the bitumen layer is protected by 30μm 

thin layer made of high-density polyethylene (HDPE). When supplied, the bottom sticky 
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surface of the bitumen layer is protected by wax coated paper sheet which is removed prior 

installation. 

The properties required in order to study guided waves are the bulk acoustic properties and 

the material density. The density is taken from the manufacturer datasheet [75], although in 

realty the density of bitumen materials changes with time as it ages. The best way to obtain 

the density for a bitumen material that has aged is to measure it under specific material 

conditions. The next two sections present experimental methods for measuring longitudinal 

and shear bulk acoustic properties in               that may in principle be applied to the 

material under new or aged conditions.   

3.1 Bulk longitudinal acoustic properties 

The experiment described in this section is designed to measure the longitudinal acoustic 

properties of bitumen, and in particular              . The experimental set up is shown in 

Figure 3.2 and this replicates the immersion reflectometry technique used for the acoustic 

characterisation of highly viscoelastic plastic materials presented in [76]. Although this 

technique measures the bulk longitudinal properties of the bitumen material in the MHz 

frequency range, it was selected because it provides a reliable acoustic contact between the 

transducer and specimen. According to the manufacturer specification, the investigated 

material is waterproof which also makes this method applicable here. The specimen shown 

in Figure 3.3 is made of a single layer of               that was stuck to a 3mm thick, 100 

mm x 100 mm, flat aluminium base. The aluminium base was used to support the flexible 

bitumen material, which tends to bend if it is not supported this promotes better acoustic 

reflection from the bottom surface of the coating material. The bitumen material thickness 

was measured using a micrometer at nine positions and thickness of the               

material was determined to vary between 1.18 mm and 1.26 mm, as shown in Figure 3.2. 

The thin      layer was removed from the top face of the bitumen layer and the assembly 

was submerged in an immersion tank filled with distilled water, as shown in Figure 3.3. 

The distilled water in the tank served as an acoustic coupling media between the ultrasonic 

transducer and the specimen being investigated. 
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Figure 3.2: Experimental set up. Immersion reflectometry technique. 

The specimen was kept in the immersion tank for 30 minutes before measurements were 

taken in order to equalize its temperature with the surrounding water. The water 

temperature in the immersion tank was monitored and remained constant at 20°C during the 

experiment. The acoustic transducer used was a focused, immersion type, ultrasonic 

transducer with a centre frequency of 8 MHz, and an active element with a diameter of 12.5 

mm and a focal length of 75 mm. The ultrasonic transducer was excited and the reflected 

signal from the specimen was recorded using an ultrasonic pulse/receiver unit, model DUI 

1200 equipped with XYZ motion stage, see Table 3.1.  

Pulse   Receiver   

Pulse type Negative spike pulse Sampling Rate 500 MSPS 

Pulse amplitude 100V Gain 18.5dB 

Pulse duration 70ns Averaging 64 

Pulse repetition rate 1000Hz High/Low pass filter 2.5MHz / 15MHz 

Table 3.1: Ultrasonic pulse/receiver settings. 

The experiment begins by placing the ultrasonic transducer at position 1, see Figure 3.3, 

and a short ultrasonic pulse is sent towards the specimen and the reflected signal was 
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recorded. This was repeated 64 times and the data recorded was averaged in order to reduce 

the level of random noise.  

 

 

Figure 3.3: Specimen investigated. 

The recorded A-scan at position 1 is shown in Figure 3.4. The A-scans for the remaining 

eight positions were collected in the same way. In Figure 3.4, R1 is the signal reflected 

from the top surface of the coating material, and T3 is the signal reflected from the coating 

material/aluminium base boundary. The reflections after T3 that appear in Figure 3.4 are 

multiple internal reflections between the top and the bottom surface of the aluminium base. 

 

Figure 3.4: A - scan from a single layer of              , position 1. 
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Figure 3.5 show a schematic representation of the signals reflected and transmitted at the 

boundaries. The transducer focal point was kept positioned at the boundary between the 

viscoelastic material and the aluminium base, as shown in Figure 3.5. This was done in 

order to reduce the error caused by the acoustic beam divergence. In Figure 3.5, I1 is the 

signal incident to the coating material, R1 is the signal reflected from the top surface of the 

coating material and T3 is the signal reflected from the coating material/aluminium base 

boundary. Some of the signals paths shown in Figure 3.5 are presented at an angle for better 

visualization, but in reality the paths of all signals are normal to the specimen face.  

 

Figure 3.5: Schematic diagram of the signals reflected and transmitted. 

The experimental data collected above using A-scans are used in the next section to 

determine the bulk longitudinal speed and attenuation for              . 

3.2 Bulk longitudinal acoustic speed 

The acoustic speed in the bitumen coating material may be determined from the difference 

in the time of flight,   , between the reflection R1 from the top surface and the reflection 

T3 from the bottom surface of the bitumen layer. The difference    therefore corresponds 

to the time required for the pulse to travel twice the thickness of the specimen. The signals 

of interest were windowed with a rectangular window and their spectrogram was calculated 

using the MATLAB             function, which computes the windowed discrete-time 
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Fourier transform of a signal using a sliding window. The MATLAB code used to calculate 

the spectrogram of the windowed signals R1 and T3 is shown in the Appendix . Figure 3.6 

shows a spectrogram representing the reflections R1 and T3 in the time-frequency domain.  

 

Figure 3.6: Spectrogram of reflections R1 and T3. 

The time of flight    is determined over a frequency range from 3 MHz to 10.5 MHz with 

0.5 MHz steps using the maximum amplitude for each reflection at each frequency. Figure 

3.7 shows the power spectra for reflections R1 and T3, and the positions of t1 and t2 at a 

frequency of 8 MHz.  
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Figure 3.7: Power spectrum of reflections R1 and T3 at 8 MHz. 

Based the on the time    obtained at each frequency, the thickness of the bitumen layer was 

calculated and the longitudinal acoustic speed can then be obtained. The averaged 

longitudinal speed, with a standard deviation obtained after processing nine separate A-

scans, is shown in Figure 3.8. The standard deviation of the data was found to vary between 

3.3% and 3.6% over the range of frequencies measured. This shows that the method 

selected provides stable results and that accuracy of the measurements is sufficient to 

calculate the longitudinal speed. The measurements shown in Fig. 3.8 also demonstrate that 

the sound speed is frequency dependent and this is because of the way the material reacts to 

the propagation of a sound wave. This frequency dependence has also been observed by 

Simonetti in [14]. In this study we are interested in longitudinal speed below 100 kHz and 

one possibility is to extrapolate the experimental data measured in MHz frequency range to 

frequencies below 100 kHz.  This can be done simply by assuming a constant speed [15, 

16, 22], or another possibility is to extrapolate the data below 100kHz by using the relations 

between the acoustic speed spectra and the attenuation spectra reported in [76-78].  
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Figure 3.8: Longitudinal acoustic speed in              .  

3.3 Bulk longitudinal attenuation 

The frequency dependent longitudinal attenuation in dB/m can be described as 

           ( )  [       (
   ( ) ( )

   ( )
)]   ℎ,                                    (3.1) 

where,  ( ) is the frequency dependent attenuation,    ( ) is the Fast Fourier Transform 

(FFT) of the reflection R1,    ( ) is the FFT of reflection T3, ℎ is the thickness of the 

bitumen material, and  ( ) is a coefficient which takes into account the energy transmitted 

and reflected at the boundaries of the bitumen layer.  Following Figure 3.5, the coefficient 

 ( ) can be described with respect to the acoustic impedance of the distilled water   , the 

bitumen layer  2 and the aluminum base    using the following equations: 
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The acoustic impedance of the distilled water   , and the aluminium base   , are taken 

from the literature [79]. The acoustic impedance of the bitumen layer    is calculated by 

using the density             provided by the manufacturer datasheet for 

             , and the frequency dependent acoustic speed is determined in Section 3.2. 

Figure 3.9 then shows the frequency dependent coefficient  ( ) calculated using Eqs. (3.2) 

to (3.6) with the date measured in the previous section. 

 

Figure 3.9: Calculated frequency dependence for coefficient  ( ). 

To carry out these calculations, the reflections R1 and T3 were windowed in the time 

domain with a rectangular window as shown in Figure 3.10, and their FFT was obtained 

using the MATLAB       function, see the Appendix for the code used.  
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Figure 3:10: Reflections    and   . 

Figure 3.11 shows the FFT of    ( ) and    ( ), and here the frequency shift between the 

maximum of    ( ) and    ( ) indicates that the attenuation is increasing with frequency. 

The frequency dependent attenuation  ( ) is then calculated in frequency range between 3 

MHz and 10.5 MHz, with 0.5 MHz frequency steps, using Eq. (3.1). The experimental data 

below 3 MHz and above 10.5 MHz was omitted because of the poor signal to noise ratio. In 

Fig. 3.12 the final values for attenuation are shown, which are calculated following an 

averaging of all nine A-scans. 

 

Figure 3.11: Fourier transform of    ( ) (♦) and    ( ) (♦). 
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Figure 3.12: Longitudinal attenuation  ( ) 
of              . 

The experimentally measured longitudinal attenuation presented in Fig. 3.12 shows how the 

attenuation changes with frequency over the range 3 MHz to 10.5 MHz. The data trend 

corresponds well with the power-law dependence of Eq. (3.11), which is discussed later. 

Note that the error bars in Fig. 3.12 are obtained by first calculating the standard deviation 

of    ( ),    ( ),  ( ) for all measured data, and then calculating the standard deviation of 

the attenuation at each frequency. In this current study we are interested in the attenuation 

at frequencies below 120 kHz. One possibility is to extrapolate the attenuation data 

measured in the MHz range into the kHz using linear regression starting from the origin, 

and then using the slope of this line to determine the attenuation coefficient of the material 

and this method has been reported by other researchers [15, 16, 20]. Another possibility is 

to use relations between the longitudinal speed spectra and the longitudinal attenuation 

spectra [76-78], and this procedure is reviewed in the next section.  

It is difficult to validate the experimental results for longitudinal acoustic speed and 

attenuation obtained in this study by comparing them with data reported in the literature. 

This is mostly because of the limited data in the literature on acoustic properties for this 

type of coating material. The acoustic properties may also vary significantly between the 

different bitumen materials, even if they look similar in appearance. However, the results 

achieved in the previous section are generally in good agreement with the results reported 
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in Table 3.2, which summarise the bulk longitudinal acoustic properties of bitumen 

coatings reported in the literature.  

However, a partial validation of the experimental methods described in the previous 

section, comes from the fact that the acoustic speed spectra and attenuation spectra obtained 

for the bitumen material investigated are in reasonable agreement with the relations 

described by Kazys et al. [76]. They also note that the bulk attenuation spectra can be 

derived from the attenuation spectra and vice versa, and Kazys et al. define the bulk 

attenuation and bulk velocity spectra using Eqs. (3.7) and (3.8), which are derived from the 

Kramers-Kroning relations described in [77]: 

 ( )  
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Here   (  ) is the acoustic velocity at the reference frequency        ,    and  2 

define the frequency range of investigation, and   , ( )
 
is the bulk attenuation in nepers 

per m. 

In order to understand how well the measured experimental data corresponds with the 

relations in [76], the bulk velocity dispersion spectra   ( ) is calculated from the measured 

attenuation spectra  ( ) using Eqs. (3.9) and (3.10) reported by Kazys et al. [76]: 
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Here    is the measured attenuation in       and   (  ) is the measured bulk velocity in 

    at reference frequency    (in   ) and   is the power in the power-law dependence. 

The attenuation spectra  ( ) is then given as 
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)    

                                              
 (3.11) 

The value of   may be determined by fitting a power trend line to the experimentally 

measured attenuation spectra, as shown in Figure 3.13. The value obtained is        . 

Figure 3.13: Attenuation spectra. Experimental result (♦). Best fit power trend line (▬). 

The following values are then used to solve Eqs. (3.9) and (3.10): a reference frequency 

        , a reference bulk velocity   (  )             , a reference bulk attenuation 

             , and        . The measured longitudinal velocity calculated using 

these data is shown in Fig. 3.14 and this is seen to correlate well with predictions based on 

Eqs. (3.9) and (3.10).  
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Figure 3.14: Longitudinal speed of              . Experimental data (♦) 

Prediction based on (3.9) and (3.10) (▬). 

The predictions also confirm that the bulk speed in highly attenuative materials is 

dispersive and it increases with frequency. In reality, all materials exhibit some attenuation 

which leads to changes in their bulk acoustic speed and dispersion. These phenomena have 

also been reported elsewhere [80, 81]. The validity of the data presented is further 

investigated in the next section. Where the values determined by extrapolation of the data 

towards low frequencies are compared against data reported in the literature. 

3.4 Acoustic properties of Bitustik 4000 below 100kHz 

The bulk longitudinal properties measured between 3 MHz and 10.5 MHz are not directly 

applicable in the frequency range of interest. One possibility is to extrapolate the 

experimental measurements below 100 kHz using the relations obtained in Section 3.4. 

Figure 3.15 shows the longitudinal acoustic speed between        and         calculated 

using Eqs. (3.9) and (3.10), and this demonstrates relatively low levels of dispersion.  
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Figure 3.15: Longitudinal acoustic speed based on Eqs. (3.9) and (3.10). 

The actual dispersion determined from the data presented in Figure 3.15 is less than ±0.2% 

for a mean value of 1798 m/s. This means that the longitudinal speed can be approximated 

as constant over the frequency range, with little reduction in accuracy and so a value equal 

to  ̃           is specified here. 

The longitudinal attenuation was also measured between 3MHz and 10.5MHz. The 

attenuation data is extrapolated to below 100 kHz using an exponential line fitted through 

the experimental data shown in Figure 3.13. The extrapolated attenuation data is shown in 

blue in Fig. 3.18. It is seen in Fig. 3.18 that at lower frequencies the experimental data 

follows an approximately linear relationship with frequency.  In the literature it is normally 

assumed that the longitudinal attenuation is approximately constant over the limited 

frequency range shown in Fig. 3.18 and so this assumption is also adopted here, especially 

as it is seen to fit with the extrapolated experimental data reasonably well. A linear 

relationship with frequency is shown in Fig. 3.18 where the gradient is determined using a 

line that starts from the origin to avoid negative values. The gradient of the linear 

regression curve in Fig. 18 yields a longitudinal attenuation of                  . 
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Figure 3.16: Longitudinal attenuation. Extrapolated data (♦) Lin. best fit line (▬). 

The validity of the bulk longitudinal properties measured here are investigated by 

comparison with data on bitumen bulk longitudinal properties reported in the literature. 

This is shown in Table 3.2 and Fig. 3.17, which summarise data reported by other 

researchers whose studies were also reviewed in Chapter 2. The last row of Table 3.2 also 

shows the bulk longitudinal acoustic properties of               determined in this section. 

 

Figure 3.17: Bulk longitudinal acoustic properties of coating materials reported in [53]. 
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 ̃     Frequency Density Thickness Source 

No Material m/s s/m MHz       mm - 

1 Bitumastic B50 1900 52e-6 3-8 1200 0.27 [16] 

2 Bitumen Tape BT 1900 47e-6 1-13 1200 0.74 [16] 

3 Bitumastic B300M 1500 62e-6 3-8 600 0.20 [16] 

4 Bitumastic B50 1860 23e-6 1-5 1500 0.15 [20] 

5 Bitumen Tape BT 1900 47e-6 1-13 1200 0.74 [15] 

6 Bitumastic B50 1900 52e-6 3-8 1200 0.27 [15] 

7 Field tape 2000 862e-6 0.11-0.25 1100 1.50 [53] 

8 New tape 1 1350 220e-6 0.11-0.25 1308 1.00 [53] 

9 New tape 2 1800 293e-6 0.11-0.25 1107 1.00 [53] 

10 Bitustik 4000  1798 0.94e-6 2-11 990 1.25 Ch. 3 

Table 3.2: Bulk longitudinal acoustic properties of bitumen coating materials. 

The bulk longitudinal acoustic speed  ̃           of               corresponds well 

with data on bitumen reported by other researchers. However, the measured bulk 

longitudinal attenuation constant of                  is much lower in comparison 

with the majority of values reported in Table 3.2. Partial validation of the attenuation values 

measured in the     frequency range comes from the fact that they correspond well with 

the attenuation values ( −         at      ) reported in [82] for highly viscoelastic 

rubber materials, which are quite frequently used as additives in bitumen materials [83]. 

This raises questions about the assumption that the attenuation of the bitumen material 

investigated is continuously increasing with frequency and that there are no local minima or 

maxima in the attenuation spectra. In reality, it might appear that below 100 kHz the 

attenuation spectra does not follow the power-law dependence of Eq. (3.11).  

The next step is to determine the bulk shear acoustic properties of the bitumen material of 

interest. The literature review presented in Chapter 2 showed that the measurement of the 

bulk shear properties of highly viscoelastic materials like bitumen is quite difficult and the 

shear properties also have a strong influence on guided wave attenuation in coated pipes.  

The following section deals with measurement of the bulk shear acoustic properties of 

             . The section presents a new hybrid method which is based on conventional 
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through-transmission technique, but also utilises the fundamental shear guided wave mode 

T(0,1). 

3.5 Bulk shear acoustic properties 

Measuring bulk shear acoustic properties is difficult because of the very high levels of 

attenuation found in these materials.  It is possible to use conventional ultrasonic techniques 

such as the pulse-echo and through-transmission techniques described in [84, 85] but these 

become difficult to apply to highly attenuative materials. In these techniques the acoustic 

speed and attenuation is determined by measurement of the time of flight as well as the 

drop in amplitude of a bulk wave traveling through a viscoelastic specimen [15, 16, 20]. 

However, these methods have only been applied in the MHz frequency range and they are 

not applicable in the frequency range of interest here, which is between 20 kHz and 100 

kHz. Another disadvantage of the bulk wave based methods is that they are always 

accompanied with difficulties related to acoustic beam spreading and acoustic coupling 

between the transducers and the specimen [14].  

The guided wave based frequency interferometry method proposed by Simonetti [14, 49] 

solves most of the difficulties related to the methods based on bulk waves. This method 

relies on the resonant behaviour of a cylindrical solid specimen clamped between two 

identical rods. A good overview of this technique can also be found in [86-88]. The method 

involves measuring the transmission and reflection coefficients through the specimen using 

two rods working as delay lines which drive an acoustic wave pulse through the sample. 

The frequencies where the transmission maxima and reflection minima occur correspond to 

the through thickness resonance of the viscoelastic specimen. This method is applicable to 

solid materials which do not tend to flow under the clamping load. The accurate 

determination of speed relies on through thickness resonance occurring in the frequency 

range of interest. The viscoelastic material              , which needs to be characterised 

in this study, is in semi-solid state and it tends to flow under relatively low external 

clamping loads. The preliminary calculations based on the material’s thickness (~1.2 mm) 

and expected shear acoustic speed (400-700 m/s, using data from the literature) shows that 

the first through thickness resonance will occur outside of the frequency range of interest 
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here. This makes the method proposed by Simonetti not applicable for measurement of the 

shear acoustic properties for the current study. 

The aim of the current study is to determine the shear bulk speed and attenuation in the 

viscoelastic material of interest at 20°C and below 120 kHz. In general bulk waves and 

guided waves propagation characteristics are not the same for a given material/waveguide. 

In general, the bulk longitudinal and shear acoustic speeds are not equal to the phase speed 

of guided shear and longitudinal modes. However, there are some exceptions like the 

propagation characteristics of the shear bulk wave and the fundamental shear mode T(0,1) 

in cylindrical structures, where the acoustic speed and the attenuation of the shear bulk 

waves are equal to the phase speed and attenuation of the shear fundamental mode T(0,1). 

This relation is described by Simonetti [14]. In order to use this relation to find viscoelastic 

properties for the current study, the material under investigation is be formed into a short 

tube, as shown in Figure 3.18. The material studied here is in a semi-solid state and this 

allows it to be shaped in a tube with a relatively small diameter (10-20 mm). The cross 

section, A, of the tube with a known length,  , could be excited by a few cycles of a tone 

burst signal in a way which preferentially generates the T(0,1) mode in the tube. The 

amplitude and the time of flight of the acoustic signal transmitted through the tube at cross 

section B is then measured and recorded. In order to reduce the errors and simplify the 

derivation of the phase speed and attenuation, the experiment is repeated with a tube of 

length    . 

 

Figure 3.18: Tube made of thin layer of bitumen material. 
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The use of two separate measurements means that the phase speed and attenuation can be 

calculated in the same way as the conventional bulk wave based ultrasonic through-

transmission technique. The shear phase speed  ̃  ,   - and shear attenuation    ,     - 

is then calculated using the following equations: 

 ̃  
    −  

 
                                                    (3.12) 

            
       (       )

 
                                            (3.13) 

where      and    is the time required for the signal to travel through each specimen, and 

     and    is the amplitude of the signals transmitted through the specimen and measured 

at cross section B. Undertaking the measurements described is however not an easy task 

because a specialised experimental set up is needed. One possibility to do this is to use the 

method described in the next section. 

3.6 Method for measuring bulk shear acoustic properties 

The experimental setup shown in Figure 3.19 consists of two identical 1500 mm long 

aluminium tubes with external diameter of 16 mm and wall thickness of 1.5 mm. The 

alignment of the tubes is maintained using four supports made of low density polymer. The 

supports were manufactured and arranged in a way which allowed the tubes to align and 

slide axially in order to have the possibility to adjust the gap between them. A pair of 

Teletest® shear mode piezoelectric transducers generating in plane displacements were 

mounted at the end of each tube. The transducers are aligned with the tubes in a such way 

that the in plane displacements generated are directed along the circumference of the tubes, 

which excites the T(0,1) mode. More information about the transducers and their operation 

can be found in [33]. A second pair of shear mode transducers is also mounted 1000 mm 

from the end of each tube. The second pair of transducers monitors the amplitude of the 

incident pulse as well as the pulse reflected from the end of the tube. The position and 

orientation of the transducers is shown in Figure 3.19.  
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Figure 3.19: Experimental setup. 

All transducers were permanently attached to the tubes by using Araldite 2011 [89]. The 

acoustic response of each tube was evaluated by exciting T(0,1) using 10 cycles of a 

Hanning modulated tone burst signal applied to the first pair of transducers, and 

monitoring/recording the propagation of the signal along the pipe. Initial tests showed that 

the T(0,1) mode could be successfully generated in the tubes between 20 kHz and 100 kHz, 

with a typical signal to noise ratio of between       and 3    . After the initial tests the 

distance between the tubes was set equal to 5mm and the tubes were firmly clamped by a 

purpose made   shaped clamp shown in Figure 3.20. A rectangular piece of               

material was cut and wrapped around the ends of the tubes forming a 15mm long bitumen 

tube. The seam of that tube was formed by pressing the ends of the viscoelastic material to 

one another. The adhesive bond to the tubes in the area of the seam was ensured by the 

excellent adhesive qualities of the viscoelastic material investigated. However, special care 

was taken when the seam was formed so it does not affect the geometry of the tube.  
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Figure 3.20: U shaped clamp. 

The width of the bonding line between the bitumen material and the end of each tube was 

kept at 5 mm. When the measurements with 5 mm separation between the tubes were 

finished, the 15 mm long bitumen tube was removed and the tubes ends were cleaned with 

organic solvent. The distance between the tubes was set to equal 10 mm and a single layer 

of 20 mm long rectangular bitumen material was wrapped around the ends. The wrapped 

bitumen material then forms a 20 mm long bitumen tube. The width of the bonding line at 

the ends of the aluminium tubes was again kept equal to 5 mm. 

In order to simplify the following explanations, the left positioned tube will be referred as 

the        , the right positioned tube will be referred as        , the boundary between 

the         and the bitumen tube will be referred as        , and the boundary between 

the viscoelastic tube and the         will be referred as the         boundary. The pair of 

shear transducers mounted on the tubes will be referred to using the labels shown in Figure 

3.19.  

The     transducers are excited in  ( , ) mode using a ten cycle of Hanning window. The 

amplitude of the incident signal   and the reflected signal   from the         boundary at 

the end of the         was monitored by the     transducers. This measurement ensures 

that the same amount of energy is transmitted towards the bitumen tube through the 

        boundary. The signals recorded when the length of the bitumen tube was 15 mm 
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and 20 mm are shown in Fig. 3.21 (a) and (b), respectively. The spike between      and 

       is the result of the pulse/receiver signal generation. 

 

 

Figure 3.21(a)     signals at       ,       bitumen tube length; (b)      signals at       , 

      bitumen tube length. 

The signal   transmitted through the         boundary, the bitumen tube         

boundary, and transmitted towards the         was monitored using the     transducers 

mounted on the        . The signals T15 and T20 are recorded at 50 kHz when the length of 

the bitumen tube was 15mm and 20mm, respectively, and these are shown in Fig, 3.22 (a) 

and (b).  
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Figure 3.22 (a)     signals at       ,       bitumen tube length; (b)     signals at       , 

      bitumen tube length. 

The coupling at the         boundary was monitored by exciting the         only, with 

the     transducers in T(0,1) mode, and monitoring the amplitude of the signal incident to 

and reflected from the         boundary and the end of the        . This measurement 

was done in order to ensure that the coupling at         boundary was kept the same 

during each experiment. The signals recorded when the length of the bitumen tube was 15 

mm and 20 mm are shown in Fig. 3.23 (a) and (b), respectively.  
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Figure 3.23 (a)     signals at        when the end of the         was excited,       bitumen 

tube length (b)     signals at        when the end of the         was excited,       bitumen 

tube length. 

During the data collection the ambient temperature was monitored with a thermocouple 

attached to the bitumen tube, and this was measured to be 20°C. The frequency content of 

the Hanning modulated excitation pulse was varied between 20 kHz and 100 kHz in 5 kHz 

steps. At each frequency step the data was collected 64 times and averaged in order to 

reduce the level of random noise. The experiment was repeated three times with 15 mm, 20 

mm and 25 mm bitumen tube lengths. However, it was found that the signal to nose ratio 

for the 25 mm measurements was not acceptable and so this set of data was discarded.  
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3.7 Data processing and results 

The stability of the coupling at the         and         boundaries is investigated first by 

calculating the transmission coefficient at the boundaries using the six data sets. The 

transmission coefficient is calculated using Eq. (3.14) and this will generate the part of the 

energy transmitted towards the bitumen tube when it was independently excited in the 

T(0,1) mode. This gives 

 (  
 )   −

  
 (   )

  (   )
              ,                            (3.14) 

where  (  
 ) is the transmission coefficient at centre frequency   

 , and   
 (   ) and 

  
 (   ) are the Fourier transforms of the incident and reflected signals with a centre 

frequency   
 . Each signal was windowed with a rectangular window selected to be     

wider than the original length of the signal in the time domain. The Fourier transform of the 

signals was calculated by using the MATLAB       function. This was repeated for all 

sixteen data sets collected between        and         in       steps. The incident and 

reflected signals for a        centre frequency that have been used to calculate the 

transmission coefficients at the         and         boundaries are shown in Fig. 3.21 (a) 

and (b), and Fig. 3.23 (a) and (b), respectively. Figure 3.24 (a) and (b) also show the 

reflection coefficients calculated for the         and         boundaries, respectively.  
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Figure 3.24 (a) Transmission coefficient at the         boundary; (b) Transmission coefficient at 

the         boundary.  

The measurement of transmission coefficient at the         and         boundaries 

shows a standard deviation of less than      for all six data sets.  

The bulk shear speed and attenuation in               was determined by processing the 

experimental data in the time-frequency domain using the MATLAB code shown in 

Appendix. The signals transmitted through the bitumen tube when the gap between the 

tubes was 5 mm and 10 mm were windowed with a rectangular window that is 20% wider 

than the original length of the signals, and this is shown in Fig. 3.25.  
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Figure 3.25: Transmitted signals at       . 

The spectrogram of the signals is shown in Fig. 3.26 and this was calculated using the 

MATLAB            function, see the Appendix. 

 

Figure 3.26: Spectrogram of the transmitted signals at       . 
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For a reference frequency   
 , the time of flight and amplitude corresponding to the 

maximum amplitude of the signal are denoted   
 ,   

 , respectively for the      gap, and 

  
   ,   

   and   
  for the 10 mm gap. These values are calculated for each data set consisting 

of 17 A-scans covering a frequency range between 20 kHz and 100 kHz using 5 kHz steps. 

The frequency dependent amplitudes   
  and   

   are then used to calculate nine frequency 

dependent attenuation spectra   ( )  using Eq. (3.15): 

  (  
 )  

      (  
    

  )

  
             ,                            (3.15) 

where    is the difference in the gap between the two measurements. Figure 3.27 shows 

the averaged frequency dependent shear attenuation, with values for the standard deviation 

determined from the nine attenuation measurements.  

 

Figure 3.27: Shear attenuation. Experimental data (♦), Linear best fit line (▬). 

The shear attenuation constant,   , is determined by fitting a straight line through the data 

in Fig. 3.27 and using the gradient of this line to calculate the shear attenuation constant. 

This gives a value of                  . 
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The shear speed is determined in the frequency domain using Eq. 3.16, and the frequency 

dependent time of flight   
  and   

   is determined from the data sets collected when the 

tubes were separated 5mm and 10mm, respectively.  

 ̃ (  
 )  

  
  −  

 

  
                                           (3.16) 

Here,    is the difference in the gap between the tubes for the two measurements. Nine 

frequency dependent shear speed spectra were calculated and the averaged of this date is 

shown in Fig. 3.28. 

 

Figure 3.28: Shear speed in              . 

The measured values for shear speed shown in Fig. 3.28 vary with frequency. However, it 

should be remembered here that very high levels of shear attenuation are often found in a 

viscoelastic material and this makes it difficult to measure the shear properties accurately. 

This is because of the significant drops in the level of a signal over a relatively short 

distance in the material. In the literature  ̃  is normally accepted to be constant [15, 16, 20] 

and so for the theoretical predictions that follow a constant value for  ̃  is also chosen here. 

Following this approach the data in Fig. 3,28 was averaged to give a value of  ̃  
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It is difficult to validate the bulk shear properties of               coating determined in 

this section. This is because this type of coating material has not been studied by other 

researchers and so values for its bulk shear properties are not available. One possibility is to 

compare this data with other data reported in literature for similar materials, and Table 3.3 

summarises measured values for bulk shear acoustic properties of bitumen. Table 3.3 shows 

that the measured shear acoustic speed of  ̃          for               is 

approximately half that of the shear speed measured for other bitumen materials. However, 

the bitumen materials in Table 3.3 with a bulk shear speed of  ̃          are for 

materials in a solid state. The only value which is close to the measured bulk shear acoustic 

speed of             for               is the value of  ̃          measured for the 

liquid bitumen material          . This could validate the data for the semi-solid 

               as this also deforms plastically under very low external pressure.  

  

 ̃     Frequency Density Thickness Source 

No Bitumen material m/s s/m - kg/m3 mm - 

1 Bitumastic B50 750 520 x e-6 3-8 MHz 1200 0.27 [16] 

2 Bitumen tape BT 860 470 x e-6 1-13 MHz 1200 0.74 [16] 

3 Bitumastic B300M 680 620 x e-6 3-8 MHZ 600 0.20 [16] 

4 Bitumastic B50 750 240 x e-6 1-5 MHZ 1500 0.15 [20] 

5 Bitumen tape BT 850 597 x e-6 80 kHz 1200 0.74 [15] 

6 Bitumastic B50 860 142 x e-6 80 kHz 1200 0.27 [15] 

7 Field tape 1550 183 x e-6 0.5-0.9 MHz 1100 1.50 [53] 

8 New tape 1 1250 422 x e-6 0.5-0.9 MHz 1308 1.00 [53] 

9 New tape 2 1600 312 x e-6 0.5-0.9 MHz 1107 1.00 [53] 

10 TML 24515 liquid 430 510 x e-6 10-80 kHz 970 - [14] 

11 Bitumen Dallington 770 123 x e-6 20-120 kHz 1750 4.90 [14] 

12 Bitumen Kuwait 1012 385 x e-6 20-120 kHz 1640 4.90 [14] 

13 Bitumen Oncor 1065 678 x e-6 20-120 kHz 1442 4.90 [14] 

14 Bitumen Louisiana 642 788 x e-6 20-120 kHz 1544 4.90 [14] 

15 Bitustik 4000  338 994 x e-6 20-100 kHz 990 1.25 Ch. 3 

Table 3.3: Bulk shear acoustic properties of bitumen based coating materials. 
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Figure 3.29: Bulk shear acoustic properties of coating materials from [53]: (a) Shear velocity; (b) 

Attenuation. 

The measured data for the bulk shear speed in Fig. 3.28 for                is seen to 

compare well with data taken from the literature shown in Figure 3.29 (a).  Note that there 

is also some variation in the data for shear speed in Fig. 3.29 (a) and this is further evidence 

of the difficulty of measuring this value accurately over an extended frequency range.  The 

data shown from the literature for attenuation in Fig. 3.29 (b) also correspond well to the 

general trend for the attenuation seen in Fig. 3.27 for Bitustick 4000, at least for those 

materials that may be considered to be similar in construction.  

The validity of the bulk shear properties of               coating determined in this 

section, and the assumptions about the constant acoustic speed and linearly increasing 

attenuation will be further investigated in Chapter 6, where numerical predictions of guided 

wave attenuation based on the bulk shear properties determined in this section will be 

compared against measurements on a coated pipe. 

3.8 Summary   

A novel technique for acoustic characterisation of shear properties in a semisolid bitumen 

based coating material has been presented.  It was demonstrated that the bulk shear speed 

(a) (b) 
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and attenuation of a semisolid viscoelastic material could be measured by forming it into a 

tube and exciting it using T(0,1). A specialised experimental set up was designed in order 

to measure the shear stress propagation and attenuation rate with distance. The bulk shear 

speed was determined by measuring the time required for the shear stress to propagate 

through two specimens/tubes with different lengths. The bulk shear attenuation was 

determined by measuring the difference in the drop in amplitude drop for two specimens of 

different length. 

The technique presented is attractive for semi-solid coating materials which easily deform 

under relatively low external pressure, but have enough elasticity to maintain their shape 

when formed into a cylindrical tube. However, the need for the material to be formed into a 

cylindrical tube does not make it so suitable for use on liquid and solid coating materials.  
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Chapter 4 

Attenuation measurements in coated pipes 

Introduction 

One of the main aims in this work is to find a set of numerical methods which can 

accurately predict guided wave attenuation in pipes coated with a layer of viscoelastic 

material. The bulk acoustic speed and attenuation in the bitumen coating material Bitustik 

4000, which were measured in the previous section, can be used as input parameters to 

generate numerical predictions on guided wave attenuation. To do this we require a method 

with enough accuracy to be used to determine the LRUT inspection range in coated pipes. 

One possibility to determine how accurate the numerical predictions on guided waves 

attenuation are is to compare them against experimental attenuation data measured in pipes 

coated with a coating material such as Bitustik 4000.  

The attenuation rate of guided waves used for the LRUT of coated pipelines is one of the 

main parameters which determines the distance that may be covered from a single tool 

position. One of the main objectives in this work is to find an experimental method or 

methods which can be used for studying the attenuation of L(0,2) and T(0,1) in real 

conditions, where the operator has access to a section of a continuous pipeline coated with a 

viscoelastic material. In general it is accepted that the rate of attenuation in coated pipes is 

constant with distance [14, 15, 16, 20]. This means that amplitude of the pulse of given 

guided wave mode exponentially decreases with distance, as shown in Fig. 4.1. The guided 

wave attenuation is typically measured in dB/m. In a pipe without a coating material the 

attenuation rate is usually relatively low, around 0.2-0.3 dB/m, and the LRUT test range 

can reach tens of meters in each direction [9]. The presence of a viscoelastic coating 

significantly increases the rate of attenuation, as shown in Fig. 4.1, and an LRUT test range 

is then reduced to much smaller distances, as reported in [9, 13-17]. 
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Figure 4.1: Schematic diagram of a typical LRUT in coated pipeline. 

4.1 Previous work 

The measurement of attenuation in a coated pipe is a problem which has occupied 

researchers for many years. Luo is one of the first who suggested a method applicable to 

measuring guided wave attenuation in coated pipes [53]. This method uses an experimental 

set up similar to the one shown in Fig. 4.1. However, instead of a coated section which is 

part of a continuous pipeline, Luo used a coated pipe with limited dimensions. The desired 

guided wave mode was generated by a conventional LRUT tool and mounted on the end of 

the pipe. The attenuation at specific frequencies was determined by measuring the rate of 

attenuation of multiple signals reflected from the far end of the coated pipe. The method 

suggested by Luo was successfully used by other researchers too [15, 16, 20].  

A similar method to the one suggested by Luo was used by Kwun [71], but instead of an 

LRUT tool using piezoelectric transducers the desired guided wave modes were generated 

by belt type magnetostrictive transducers mounted on the end of the coated pipe [72]. The 

methods relying on measuring the amplitude drop of multiple signals reflected from the far 

end of the coated pipe available in the literature have also been successfully used for 
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studying guided wave attenuation. However, they are only applicable for studying guided 

wave attenuation in coated pipes with limited lengths, where the signal can be completely 

reflected from the end of the pipe.  

The method for studying guided wave attenuation in cylindrical tube filled with viscoelastic 

coating material suggested by Simonetti [14, 48] relies on the successful measurement of 

the drop in amplitude along the tube. This is determined by measuring the amplitude of a 

particular mode at several points along the pipe using a scanning laser vibrometer [90]. The 

method suggested by Simonetti does not require reflection from the end of the pipe, which 

makes it suitable for studying guided wave attenuation in continuous waveguides. 

However, it is difficult to use a laser scanning vibrometer for on-site measurements.    

4.2 Measurement Methodology 

One possibility to determine the rate of attenuation of given guided wave mode propagating 

in coated pipe is by measuring its amplitude at a number of positions along the pipeline, as 

shown in Fig. 4.2. The desired guided wave mode is generated by a conventional LRUT 

tool mounted on the plane section of the pipe (position 0) and this then travels through the 

coated section. The amplitude of the guided wave mode propagating along the coated 

section of the pipe is then measured at several positions (for example, positions 1-5 in Fig. 

4.2) using ultrasonic transducers. One possibility to do these measurements is to use 

conventional contact type ultrasonic transducers. The major problem of using contact type 

ultrasonic transducers for attenuation measurements is ensuring equal acoustic coupling 

between the different measurement locations.  This is because the output electrical signal of 

these transducers strongly depends on the acoustical coupling between specimen and 

transducer.  
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Figure 4.2: Schematic diagram of method for on-site measurement of guided wave attenuation. 

An alternative approach is use Electro Magnetic Acoustic Transducer (EMAT). The main 

advantage of these transducers is that they do not require mechanical coupling with the pipe 

because they sense the acoustic signal remotely. The acoustic coupling between the EMAT 

and the specimen is ensured by electromagnetic coupling, not by the direct 

mechanical/acoustic contact [91, 92], and so they may be used for the remote sensing of 

dynamic stress in ferromagnetic waveguides and non-metal materials at distances of up to 

20mm and more [91]. This makes the use of an EMAT attractive for the measurements 

required in this study and so the EMAT’s operation and construction used in this study is 

covered in the next section. 

The EMAT will measure the modal amplitudes   ,       at several positions along the 

coated section of the pipe, and the attenuation at a specific centre frequency      is 

calculated using the following equations: 

    0
  

 
1  
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   ,   (     )                                        (4.1) 
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     0
  

 
1  

∑      

 
  ,                                                       (4.2) 

where      is the attenuation between the reference amplitude    and the amplitude of 

sensor  ,   . In addition,      corresponds with the distance between the position where 

the reference amplitude    and the amplitude    are measured, and      is the average 

attenuation at a centre frequency,  , calculated from the total number of measurements  . 

4.3 EMAT design and build 

In general an EMAT relies on the direct/inverse Lorenz force effect and Joule 

(magnetostrictive) effect to generate/sense acoustic waves. More details about these effects 

may be found in [92-94] and the following description relevant to the measurement 

undertaken here covers the operation of an EMAT in sensing mode based on the reverse 

Joule (magnetostrictive) effect.  

The electromagnetic coupling between an EMAT sensor and a vibrating medium occurs as 

a result of the secondary dynamic magnetic field generated when a ferromagnetic material 

is subjected to a constant magnetic field and dynamical loading (mechanical wave 

propagating into it). In this case, the secondary dynamic magnetic field has an intensity 

proportional to the dynamic loading amplitude generated [95]. Following Fig. 4.3, the 

primary constant magnetic field    is generated by an electromagnet supplied with direct 

current   , or permanent magnets. The secondary dynamic field  2 is generated under the 

influence of the dynamic stress     ⁄ , which is caused by the mechanical wave 

propagating under the transducer and is picked up and transformed into an electrical signal 

 2 by a second coil mounted on a ferromagnetic core, as shown in  Fig. 4.3. 

The other major advantage of using an EMAT is that they can sense the amplitude of the 

dynamic stress     ⁄  propagating along the waveguide at some distance  , even without 

having any mechanical connection with the waveguide.  
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Figure 4.3: Schematic diagram of Electro Magnetic Acoustic Transducer, EMAT. 

The EMAT construction and principle of operation is suitable for sensing longitudinal 

guided wave modes propagating in the direction of travel indicated by the arrow in Figure 

4.3. This orientation is suitable for detecting longitudinal modes because the direction of 

the primary magnetic field    should be parallel to the direction of propagation of the 

longitudinal wave mode. The described magnetostrictive EMAT can also be used for 

sensing torsional guided wave modes if the direction of the primary constant magnetic field 

   is perpendicular to the traveling direction of the torsional guided wave mode. The 

output amplitude of these types EMATs strongly depends on the magnitude of the primary 

constant magnetic field   , which could be determined by changing its magnitude until 

achieving maximum output amplitude  2. More details regarding a magnetostrictive 

EMAT and how the magnetic fields need to be aligned in order to generate/sense 

longitudinal and torsional modes may be found in [96].  

An EMAT capable of measuring the amplitude of L(0,2) was designed according to the 

guidelines in [96]. This design is shown in Fig. 4.4 and contains three separate coils 
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assembled on a cylindrical carrier made of PVC. The internal diameter of the cylindrical 

PVC base was manufactured to be two millimetres larger than the external diameter of the 

coated section of the pipe. This allows sliding and positioning of the EMAT assembly 

along the coated section of the pipe. 

 

Figure 4.4: EMAT for measuring of L(0,2) modal amplitude in coated pipe. 

The pick-up coil is made of two turns of 50 pin 0.3 mm thick ribbon cable. The separate 

wires of the ribbon cable are connected in such way that a coil consisting of 100 turns was 

formed. The pick-up coil is wound in the middle of the cylindrical plastic base and the 

primary constant magnetic field is generated by an electromagnet consisting of two coils 

connected in series. The coils, each consisting of 1000 turns and made of 1.1mm thick 

insulated copper wire, are positioned at the ends of the plastic carrier, as shown in Fig. 4.4. 

The EMAT assembly is then positioned on the coated section of the pipe at location 1 in 

Figure 4.2, and the electromagnet`s coils were supplied with direct current from a regulated 

power supply. The EMAT induces a primary magnetic field in the structure, which interacts 

with a propagating elastic wave to generate a secondary magnetic field, which is then 

picked up by the receiving coil of the EMAT. The strength of the primary field is changed 

by varying the amplitude of the current from the regulated power supply. When the 

amplitude of the input current is increased the magnitude of the output steadily increases 

until it reaches a maximum value, at which point the magnetic field becomes saturated and 
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cannot increase further. This point of maximum output was chosen for all tests in order to 

maximise the signal to noise ratio. Ten cycles of a Hanning modulated L(0,2) mode were 

then generated and these then propagate towards the coated section of the pipe. The 

amplitude of the signal detected by the pick-up coil is monitored with a Tektronix 

TDS2012 digital oscilloscope and recorded using a Teletest Mark 4 tone burst 

pulse/receiver unit. In this way it was determined that the optimum magnitude of the 

current through the electromagnet’s coils is 5 A.  

Figure 4.5 shows the signal recorded at centre frequency of 60 kHz. The sharp peak at the 

beginning of the time trace is caused by cross talk inside of the equipment. The signal 

appearing at 500 us is the L(0,2) guided wave mode. The second signal with much lower 

amplitude appearing after 900 us is L(0,1) guided wave mode, which is also excited by the 

LRUT tool but with much lower amplitude. 

 
Figure 4.5:  L(0,2) signal recorded with EMAT transducer at 60 kHz. 

The EMAT designed to measure the amplitude of T(0,1) is shown in Figure 4.6. It was 

designed according to the guidance in [96] so the primary constant magnetic field is 

orientated along the circumference of the pipe and is generated using two       

      neodymium magnets, grade N45. The pick-up coil consists of     turns of 0.15 

mm thick insulated copper wire wounded around a   shaped ferromagnetic core. The pick-

up coil with the ferromagnetic core was oriented along the axis of the pipe so it can detect 

the secondary magnetic field generated. The signal generated by the pick-up coil was 

monitored using a digital oscilloscope Tektronix TDS2012. 
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Figure 4.6: EMAT for measuring of T(0,1) modal amplitude in coated pipe. 

The EMAT is positioned at location 1 in Figure 4.2 and ten cycles of a Hanning modulated 

T(0,1) mode were generated. The ferromagnetic core with the pick-up coil is kept fixed and 

the distance between the permanent magnets was changed until the amplitude of the 

ultrasonic signal measured by the oscilloscope reaches a maximum. Once the optimum 

alignment between the components is achieved, they are fixed by clamping the two plastic 

     thick plates. The stable positioning of the EMAT on the other surface of the coated 

ferromagnetic pipe is ensured by the attracting force generated by the two permanent 

magnets. The signal recorded at a centre frequency of 60 kHz is shown in Fig. 4.7.  

 

Figure 4.7:  T(0,1) signal recorded with EMAT transducer at 60 kHz. 
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The signal appearing at 800 us is the  T(0,1) mode and the rest of the signals appearing on 

the time traces are flexural components generated as result of uneven sensitivity between 

the transducers used to generate T(0,1). One downside of using an EMAT for remote 

sensing of dynamic stress is that their output amplitude rapidly degrades as the lift-off 

distance between the EMAT and the ferromagnetic waveguide increases. This is likely to 

induce errors in the measurements and so it is important that a constant distance is 

maintained between the EMAT and the ferromagnetic waveguide. 

4.4 Experimental setup 

The experimental set up used for this study is shown in Figure 4.8. It consists of a 6 m long 

6 inch Schedule 40 pipe (OD = 168 mm, wall thickness 7.1 mm). Bitustik 4000 coating 

material is applied at 3.8 m from the far end of the pipe, and the thickness of the coating 

material is 1.25 mm. The external surface of the pipe was cleaned by applying fine glass 

beads at a high pressure before then applying the coating material. This cleaning process is 

a standard procedure recommended by the manufacturer of the coating material. The pipe is 

supported by two wooden blocks in order to reduce the acoustic coupling between the pipe 

and its supports. The L(0,2) and T(0,1) modes were generated independently by using 

conventional LRUT equipment, which is a Teletest Mark 4 tone burst pulse/receiver unit 

with a cylindrical array of transducers pneumatically clamped to the pipe. The Teletest 

equipment is positioned at the near end of the pipe, see Fig. 4.8. The amplitude 

measurements for L(0,2) and T(0,1) are taken separately for each mode at positions from 1 

to 6 using the EMAT described in Section 4.3. 
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Figure 4.8: Experimental setup. 

4.5 Temperature effect   

The bulk acoustic properties of viscoelastic coating materials generally depend on 

temperature [14, 26, 71]. This means that the guided wave attenuation will also be 

temperature dependent and so the main aim in this section is to measure guided wave 

attenuation at specific temperatures in a pipe coated with Bitustik 4000.  

The effect of temperature on guided wave attenuation is studied here for L(0,2) and T(0,1) 

modes at 0 ºC, 10 ºC, 20 ºC, 30 ºC and 40 ºC. The temperature along the coated section of 

the pipe was monitored by six T type thermocouples. The thermocouples were spot welded 

through the coating directly to the metal pipe at positions 1 to 6, see Figure 4.8, and then 

connected to a switchable thermocouple display unit, which is shown in Figure 4.9.  
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Figure 4.9: Experimental setup with mounted thermocouples and display unit. 

The pipe was cooled down by passing cold air through it and monitoring the temperature 

along the coated section of the pipe.  The air circulating through the pipe was cooled down 

by sending it through purpose designed heat exchanger filled with dry ice. The required 

temperature was maintained by monitoring the temperature along the coated section of the 

pipe and manually changing the amount of cold air sent through the pipe. The outer surface 

of the pipe was covered with thick low density polymer insulating material in order to 

reduce the effect of the ambient environment. The experimental setup with the cooling 

system attached is shown in Figure 4.10.   
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Figure 4.10: Experimental setup with cooling system attached. 

The temperature of 30 ºC and 40 ºC was achieved by passing hot air through the pipe and 

monitoring the temperature along the coated section. The hot air was produced by an 

electronically controlled hot air gun. The required temperature was maintained by 

monitoring the temperature along the coated section of the pipe and changing the 

temperature of the hot air sent through the pipe. The same low density polymer was used 

for insulating material in order to reduce the effect of the ambient environment. The 

experimental setup used to warm up the pipe is shown in Figure 4.11. 

 

Figure 4.11: Experimental setup used to warm up the pipe. 
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Initial measurements showed that it was possible to maintain an approximately constant 

temperature distribution along the coated section of the pipe, although the ability to do this 

is affected by the level of the ambient temperature relative to the desired temperature. The 

temperatures obtained are shown in Table 4.1 and Fig. 4.12. 

Required temp., °C 0   10   20   30   40   

Achieved temp., °C Tave Tmax Tave Tmax Tave Tmax Tave Tmax Tave Tmax 

Position 1 0.03 2.64 10.08 1.71 19.98 1.13 30.05 1.79 40.00 3.12 

Position 2 0.00 2.26 9.78 1.65 20.00 1.10 30.15 1.79 40.10 3.00 

Position 3 0.03 1.95 9.95 0.82 20.03 0.78 29.88 1.02 39.75 1.91 

Position 4 0.20 1.59 10.03 1.07 20.03 0.73 30.23 0.93 40.23 1.59 

Position 5 0.05 1.24 9.98 0.44 20.05 0.42 29.80 0.41 40.25 0.65 

Position 6 0.33 0.74 10.10 0.08 20.08 0.21 30.20 0.22 40.00 0.48 

Table 4.1: Temperature variation along the coated section of the pipe: Tave is the average 

temperature at each location, and Tmax is the maximum difference between the temperature required 

and the value measured.  

 

Figure 4.12: Temperature variation along the coated section of the pipe. 

It is seen in Fig. 4.12 and Table 4.1 that the average temperature along the coated section of 

the pipe was maintained relatively well with the heating/cooling system described, however 

the temperature variation was relatively high at the coated end of the pipe where the 
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heating/cooling system was attached. The values achieved are, however, considered to be 

sufficiently stable to allow the measurement of the coating properties. 

4.6 Data processing  

The attenuation measurements for L(0,2) and T(0,1) were conducted at temperatures of 0 

ºC, 10 ºC, 20 ºC, 30 ºC and 40 ºC. The experimental data was collected by first setting the 

LRUT tool to generate L(0,2) using ten cycles of a Hanning modulated sinusoidal signal. 

The centre frequency of excitation was varied between 20 kHz and 100 kHz in 5 kHz steps. 

At each frequency the amplitude of L(0,2) was measured at six points (positions 1 to 6, 

Figure 4.8) using the purpose designed EMAT transducer described in Section 4.3 

Experimental data was collected 128 times and averaged in order to reduce the level of 

random noise. This means that 17 sets of data were collected at each temperature and then 

used to calculated the attenuation of L(0,2) at each centre frequency. The attenuation 

measurements for T(0,1) were conducted in the same way as for L(0,2), but this time with 

the LRUT tool set to generate T(0,1). 

Once the data for L(0,2) and T(0,1) was collected it was processed in the frequency domain 

using a purpose written MATLAB code. Each signal was windowed using a rectangular 

window with a width in the time domain chosen to be 20% wider than the original Hanning 

modulated pulse used to excite each mode. The results for L(0,2) at central frequency of 60 

kHz is shown in Figure 4.13.  
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Figure 4.13: L(0,2) signals recorded along the coated section of the pipe.  (a) position 1; (b) position 

2; (c) position 3; (d) position 4; (e) position 5; (f) position 6. 

 

Figure 4.14: Time-frequency representation of the signals.  (a) position 1; (b) position 2; (c) 

position 3; (d) position 4; (e) position 5; (f) position 6. 
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The amplitude of the different frequency components of the signals were determined by 

using the MATLAB            function, which computes the windowed discrete-time 

Fourier transform of a signal using a sliding window. The result is a matrix representing the 

signals in the time-frequency domain, and this is shown in Figure 4.14. The row of each 

matrix corresponds with a centre frequency and the maximum amplitude of the signal for 

each row was determined. These values correspond with the modal amplitudes 

  ,         and this then permits the attenuation to be calculated using Eqs. (4.1) and 

(4.2). The experimental data for each guided wave mode, centre frequency and temperature 

was processed in the same way and the results are presented in the next section.  

4.7 Results and discussion  

Figures 4.15 shows the measured attenuation of L(0,2) against centre frequency at 

temperature of 0 ºC, 10 ºC, 20 ºC, 30 ºC and 40 ºC.  

 

Figure 4.15: Attenuation of L(0,2) at temperatures of 0ºC, 10ºC, 20ºC, 30ºC and 40ºC. 

In Fig. 4.15 the attenuation is seen to increase to a maximum and then drops as the 

frequency increases.  This behaviour is caused by the attenuation mechanisms within the 
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viscoelastic material, which respond differently to variations in the wavelength incident 

sound wave, as well as guided wave mode.  This produces the familiar behaviour in where 

attenuation increases to a maximum and then decreases [15, 47, 55, 56]. The position of the 

peak is influenced by the shear velocity of the material and this in turn depends on the 

temperature of the material and this is why the peak moves. The attenuation of L(0,2) in 

Fig. 4.15 shows that the attenuation also depends on temperature. Therefore it appears to be 

desirable to use a lower frequency for testing at lower temperatures, and at higher 

temperatures it appears to be sensible to move beyond the peak in attenuation and to use 

higher frequencies.  This will help to maximise the inspection distance for a pipe and it is 

seen that at higher temperatures the attenuation is sufficiently low to penetrate distances of 

over 10 m.  Figure 4.16 shows the attenuation spectra of T(0,1) at temperatures of 0 ºC, 10 

ºC, 20 ºC, 30 ºC and 40 ºC. 

 

Figure 4.16: Attenuation of T(0,1) at temperatures of 0ºC, 10ºC, 20ºC, 30ºC and 40ºC. 

Figure 4.16 shows that the attenuation of T(0,1) follows a very similar pattern to that seen 

for L(0,2). The main difference is that the attenuation of T(0,1) is about 90% higher than 

the attenuation of L(0,2). At lower temperatures it is seen that low frequencies deliver 

lower values of attenuation, however the lowest frequency for testing with T(0,1) is limited 
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by the spatial resolution of T(0,1). In this study a frequency of 20 kHz for T(0,1) 

corresponds to the same spatial resolution as a frequency of 33 kHz for L(0,2). The 

similarity in the shape of the attenuation plots for T(0,1) and L(0,2) was also observed by 

Rose [13-16, 67].  

The attenuation of T(0,1) at 20 ºC is above 4 dB/m over the frequency range above 27 kHz. 

This means that it is likely to be difficult to locate defects using T(0,1), even between 80 

kHz and 90 kHz where the attenuation is around 4.6 dB/m. The only possibility appears to 

be to use frequencies below 27 kHz, which is in the low end of the optimum frequency 

range for most piezoelectric LRUT tools. At a temperature of 30 ºC the frequency range 

where the attenuation is below 4 dB/m is between 48 kHz and 90 kHz and so is much wider 

then for 20 ºC. The test range based on the minimum and maximum attenuation over this 

frequency range is 6.8 m and 4.2 m, respectively. Therefore, based on the values quoted for 

T(0,1) at 20 ºC and 30 ºC we can achieve a better inspection range at 20kHz when the 

temperature is 20ºC, and at 60kHz when the temperature is 30ºC. In reality it is much better 

to conduct LRUT at frequencies in the mid frequency range around 60 kHz to deliver good 

spatial resolution and an improved signal to noise ratio. This demonstrates that problems 

are likely to occur when studying pipes coated with Bitustik 4000 at room temperatures. 

The last attenuation measurement for T(0,1) in Figure 4.16 was conducted at 40 ºC. The 

temperature change from 30 ºC to 40 ºC moves the first attenuation peak towards lower 

frequencies and reduces the attenuation, as was observed for L(0,2). In this case the 

attenuation is below 4 dB/m over most of the frequency range investigated and this 

improves the situation for LRUT. 

4.8 Summary 

A technique for the remote (non-contact) measurement of modal amplitudes for T(0,1) and 

L(0,2) modes in a pipe coated with a viscoelastic material has been presented here. The 

technique is based on using two types of electromagnetic acoustic transducers (EMATs) 

that are sensitive to dynamic stress created by the propagation of torsional T(0,1), and 

longitudinal L(0,2), guided wave modes. This technique is attractive because it allows the 
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signal to be traced along the coated section of the pipe and does not depend on fixing 

transducers to the pipe. 

The technique has been successfully used to measure the attenuation of T(0,1) and L(0,2) 

for a 6 inch Schedule 40 pipe coated with 1.25 mm thick Bitustic 4000 coating material. 

The attenuation measurements of T(0,1) and L(0,2) were conducted at temperatures of 0 ºC, 

10 ºC, 20 ºC, 30 ºC and 40 ºC and they demonstrate the dependence between guided wave 

attenuation in a coated pipe and temperature. The results show that temperature has a strong 

influence on pipe attenuation and this is likely to play a major role in the success of LRUT 

inspection regimes. In some cases, even modest variations in the temperature could have 

significant effect on the LRUT inspection range. The experimental data on guided wave 

attenuation temperature dependence presented also suggest that if we want to develop an 

accurate method which to predict guided wave attenuation in a coated pipe, the method 

should also take into account the effects of temperature.  

The change in guided wave attenuation with temperature is most likely caused by the 

temperature dependent bulk acoustic properties of the bitumen coating material. One 

possibility to take into account the temperature change is to develop a method which can 

determine the bulk acoustic properties of the coating material on site, or to find what the 

temperature dependence is, and then to use this to modify the bulk acoustic properties of 

the coating material.  

The experimental data obtained at specific temperatures shows that the attenuation of 

T(0,1) is about 90% higher compared than L(0,2), although the trend in the data appears to 

be similar. The higher attenuation of T(0,1) could be explained by the shear displacement, 

which carries the energy of that mode for T(0,1). The data reported in the literature, and the 

experimentally determined shear and longitudinal attenuation in previous chapters, suggest 

that when the material is deformed in shear mode it will dissipate more energy. This is 

likely to be the cause of the higher levels of attenuation observed for T(0,1).  
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Chapter 5 

Method for acoustic characterization of coating materials 

5.1 Introduction 

The accurate prediction of guided wave attenuation in a coated pipe depends on how 

accurately the bulk properties for the coating material are characterised. The experimental 

methods for the acoustic characterisation of coating materials reviewed previously show 

how difficult is to find a method which can accurately determine the bulk acoustic 

properties in situ. Some on-site trials on the characterisation of coating materials reported in 

the literature also suggest that the bonding between the coating material and the pipe wall is 

not always perfect. This means that even if we have a set of methods which can determine 

independently the material bulk properties, there is no certainty that numerical predictions 

based on these properties will be accurate.  

The following sections describe a new method for deriving the material properties of a 

coating from guided wave measurements based on reflection coefficients. A reflection 

coefficient spectra is determined by measuring the amplitude of a guided wave sent towards 

and then reflected back from a discontinuity with a known geometry located in a pipe 

coated with the coating material of interest. The method has been reported in two journal 

articles [69, 70], where the theoretical framework of the method and the method itself is 

described in detail. The theoretical work was developed by the author’s supervisor Dr. 

Kirby and all predictions generated in this chapter were generated by the author using 

software written by Dr. Kirby. The main focus of this work and contribution of the author 

in the Thesis are the experimental measurements and the practical application of this 

method.   

The logical question is why do we need another method to determine the bulk acoustic 

properties of the coating material of interest? The methods reported in the literature and 

Chapter 3 are suitable mostly for laboratory use. Those methods which could be used on-
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site are not suitable for measuring the bulk shear attenuation constant of highly viscoelastic 

semisolid materials like bitumen. The methods in the literature provide values for the bulk 

acoustic properties of the coating material itself, but these values do not take into account 

the coupling between the pipe wall and coating material. The method reported by Hua and 

Rose in [15] is capable of determining the shear attenuation constant in highly viscoelastic 

materials like bitumen, and it takes into account the coupling between the pipe wall and the 

coating material. However, the disadvantage of this method is that it needs a number of 

parameters, such as the bulk longitudinal properties and bulk shear speed of the coating 

material, which need to be measured by separate methods. The main advantages of the 

method described in this chapter, when compared to other methods for coating materials 

are: 

 The method can determine the bulk shear and longitudinal acoustic properties from 

experimental data collected on-site with conventional LRUT equipment. 

 The method does not require a priori knowledge of the bulk longitudinal and shear 

acoustic properties of the coating material. The only parameter required before 

undertaking the tests is the density of the coating material, which can be easily 

measured on-site with a mobile handheld densitometer. 

 The SAFE method utilised in this approach finds the solution for the torsional and 

longitudinal modes separately. This makes the method more computationally efficient 

compared to the methods using the generic SAFE formulation which calculates all 

guided wave modes simultaneously.  

 The bulk acoustic properties of the coating material provided by the method are 

determined in the frequency range typical for LRUT and take into account the coupling 

between the coating material and pipe wall. 

 There is no need to remove the coating material from the pipeline before undertaking 

the tests, and there is no need to form it into a specimen with a specific shape. 

 The method is applicable for the on-site acoustic characterization of liquid, semisolid 

and solid coating materials. 

 Once the experimental data is collected the bulk acoustic properties of the coating 

material can be derived in the matter of several minutes.  



 

 

101 

 

The downside of this method is that it relies on reflection coefficient data from an 

axisymmetric discontinuity with a known geometry, such as a weld or flange. This is not 

always convenient because the tool cannot always be positioned close enough to a 

discontinuity with known geometry.  

The first part of the method for deriving the bulk shear properties  ̃  and    uses an 

iterative trial and error technique shown in Figure 5.1. After a few iterations the method 

finds the shear bulk properties of the coating material, which give the best correlation 

between predicted and measured data for the refection coefficient of T(0,1) . 

 

Figure 5.1: Iterative method for acoustic characterization of coating material. First part. 

The initial values for the bulk shear speed and attenuation constant are those values 

reported in the literature for a coating material of a type similar to those studied here. The 

first part of the method provides values on the bulk shear acoustic properties of the coating 

material  ̃  and   . Most researchers have reported that the shear properties of the coating 

material are those playing a major role in guided wave attenuation and reflection 

coefficients, respectively. Before we use these values as input parameters we need to check 

their validity using the second part of the method, which deals with the longitudinal 
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properties of the coating material. The second part of the method is shown in Fig, 5.2 and 

this checks the correlation between numerical predictions and experimental data for 

reflection coefficients for L(0,2) using the same coated pipe discontinuity as used for 

T(0,1). 

 

Figure 5.2: Iterative method for acoustic characterization of coating material. Second part. 

The second part of the method also uses an iterative trial and error technique but the main 

difference is that it determines the bulk longitudinal properties  ̃  and    of the coating 

material by using the bulk shear properties  ̃  and    of the coating material determined in 

the first part of the method. The second part of the method finds values for the bulk 

longitudinal properties that give good correlation between measurements and numerical 

predictions for the L(0,2) reflection coefficients.  

It is possible to get good correlation between measured and predicted values for the L(0,2) 

reflection coefficients in the second part of the method using different values of the bulk 

longitudinal properties of the coating material  ̃  and   . The reason for this is that the 

guided wave reflection coefficients and attenuation below 100 kHz is usually strongly 
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influenced by the bulk shear properties of the coating material and the bulk longitudinal 

properties of the coating do not play such a significant role.   

It is important to note that the bulk shear properties determined in the first part of the 

method need to be checked in the second part of the method. If good agreement between 

measurement and prediction cannot be achieved in the second part of the method then it 

means that that the predicted values using the T(0,1) data is not correct.  

This approach requires the prediction of both the T(0,1) and L(0,2) reflection coefficients 

for axisymmetric discontinuities located in the coated pipe over the frequency range of 

interest. This is achieved in two steps. The first part uses the semi analytic finite element 

(SAFE) method to calculate the guided wave attenuation and phase speed in the coated 

section of the pipe, and the second part calculates how much energy is reflected back by the 

axisymmetric discontinuity located in the coated section of the pipe. 

The SAFE method used to determine phase speed and attenuation in the coated and 

uncoated pipe is reported by Kirby et al. [69, 70]. The SAFE method uses separation of 

variables to separate the axial component of displacement from the components in the 

radial and circumferential direction.  This can be done for structures such as pipes where 

the axial geometry is uniform. The SAFE method substitutes a time harmonic analytic 

expansion for the axial displacement,   , into the governing Navier’s equation and then 

uses the finite element method to solve the eigenvalue problem that follows for the radial 

and circumferential directions. This provides the eigenmodes for a pipe and is easily 

applied to coated or uncoated pipes.  The use of the finite element method to solve the 

eigenproblem also avoids difficulties associated with root finding, which can be a problem 

when using an analytic approach such as Disperse [21].  The SAFE method provides 

solutions for the mode shape, phase speed, attenuation and group velocity and these are of 

great practical interest for non-destructive testing.  Kirby et al. also showed that the SAFE 

method may be used to solve only for torsional modes [69], or longitudinal modes [70], in 

order to solve the problem quickly.  Finding the solutions for the torsional and longitudinal 

modes for uncoated and coated pipe separately simplifies the problem significantly by 

reducing the system of equations in comparison with a solution that includes all modes, 
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such as flexural modes. This approach also partially solves the problems associated with 

mode differentiation reported in [67]. An example of the predictions obtained using the 

SAFE method is shown in Figs. 5.3 and 5.4, where predictions for guided wave attenuation 

and phase speed are shown. The predictions are generated for the torsional T(0,1) and 

longitudinal L(0,2) modes propagating in a pipe with an outside diameter of 168 mm, a 

wall thickness of 7.1 mm, and a 3 mm thick bitumen coating. The acoustic properties 

reported by Barshinger and Rose in [20] are used as input parameters for the numerical 

predictions shown in Figs. 5.3 and 5.4.  Note that these predictions, and all future 

theoretical computations, are obtained by the author using software written by Dr Kirby.   

 

 

Figure 5.3: Predicted attenuation for a 6in Sch40 pipe coated with bitumen: 

 –––, T(0,1); –––, L(0,2). 
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Figure 5.4: Predicted phase speed for a 6in Sch40 pipe coated with bitumen: 

 –––, T(0,1); –––, L(0,2). 

The presence of a viscoelastic coating material is seen to attenuate the sound wave in Fig. 

5.3 and significant levels of attenuation are seen for both modes. In Fig. 5.4 the phase speed 

is shown to be relatively constant and this is to be expected over the frequency range 

shown, although the phase speed can change when a coating is added and this effect 

becomes more significant as the thickness of the coating is increased. The sudden rise in the 

phase speed in the mid frequency range is caused by the large material thickness, which 

means that the wavelength of sound becomes a multiple of the coating thickness in the mod 

frequency range and this causes a rise in the phase speed. 

In Fig. 5.3, it may be suggested that the optimum frequency range is where the attenuation 

of the guided mode of interest is a minimum because this will ensure a longer propagation 

distance. In reality it is more important to determine the optimum frequency for testing 

coated pipes with respect to the energy reflected from defects with a given geometry. One 

possibility to do this is to utilise the results from the SAFE method to study the reflection 

coefficient for a defect in coated and uncoated pipes, as reported by Kirby et al. [69, 70]. 

This method uses the eigenmodes found from the SAFE method to construct the sound 

field on either side of a defect.  If the defect is uniform, then the SAFE method is also used 
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to find the eigenmodes for the defect, and the scattered sound field is then calculated 

following application of continuity of displacement and tractions in the axial direction on 

either side of the defect [69, 70]. If the defect is non-uniform then it is modelled using the 

finite element method and this solution is joined to the eigensolution on either side of the 

defect following application of the same continuity conditions. This is the hybrid method 

described by Kirby et al. [69, 70] and the software written by Dr. Kirby to implement this 

and other methods is used by the author to generate the predictions that follow. The 

theoretical methods described by Kirby et al. [69, 70] can be used for studying guided wave 

reflection coefficients from axisymmetric uniform defects of length    and radius  2, and 

the hybrid numerical method is used for axisymmetric tapered defects of length   , radius 

 2 and taper angle  . 

The successful determination of the bulk acoustic properties of the coating material by the 

method shown in Figs. 5.1 and 5.2 depends on accurate numerical predictions generated by 

the numerical methods utilised. Once we have the bulk acoustic properties of the coating 

material determined, it is of great practical interest to have a set of methods which can then 

accurately predict guided wave attenuation, as well as reflection coefficients from 

discontinuities in coated pipes. 

Part of the work described in the next section deals with the experimental validation of the 

numerical predictions generated using the methods reported by Kirby et al. [69, 70]. This is 

achieved by comparing numerical predictions against experimentally measured reflection 

coefficients for uncoated and coated pipes. The experimental data are obtained using the 

methodology described in Section 5.2. The bitumen coating material investigated in this 

chapter is 1.5 mm thick Bituthene 4000 coating material. This coating material is different 

to the Bitustik 4000 used in Chapters 3 and 4. This is because the Bitustik 4000 coating 

material was not available on the market when the experimental work presented in this 

section was conducted and it was substituted with Bituthene 4000. 
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5.2 Experimental work   

The numerical predictions give useful information on the characteristics of guided wave 

modes and their interaction with defects with different geometries from a theoretical point 

of view. In reality we need numerical methods which can accurately do these predictions 

for real pipes. In order to understand how accurate the predictions are, they are compared 

against data obtained experimentally. A set of experiments are undertaken in order to 

measure the reflection coefficients of T(0,1) and L(0,2) using axisymmetric defects located 

in uncoated and coated pipes. The reflection coefficients measured are also used to 

calculate the attenuation in the coated section of the pipe. The experimental set up is shown 

in Fig. 5.5 and consists of a 6 m long 3 inch Schedule 40 mild steel pipe, so that    

     and           . 

 

Figure 5.5: Experimental set up. 

The defect shown in Fig. 5.5 is machined 0.8 m from the far end of the pipe. The depth of 

the defect represents 50% of the pipe wall thickness. The geometry of the uniform and non-

uniform defect is shown in Figs 5.6 and 5.7, respectively. The experiments were performed 

with and without a coating material applied. 
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Figure 5.6: Geometry of axisymmetric uniform defect. 

The desired guided wave mode is first excited using a commercial Teletest system [35]. For 

the shear guided wave mode the device was set to generate the T(0,1) mode only, and for 

longitudinal modes it was set to generate the L(0,2) mode only. The Teletest system is also 

designed to suppress the generation of unwanted modes.  

 

Figure 5.7: Geometry of axisymmetric tapered defect. 

A purpose designed monitoring ring made of four Teletest transducers was used to monitor 

the amplitude of the incident and reflected signals coming back from the defect. The four 

transducers were equally spaced at     around the circumference of the pipe and clamped 

by a spring loading mechanism. The position of the transmitting tool and the monitoring 

ring are shown in Figure 5.8. 
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Figure 5.8: Experimental setup and monitoring ring. 

The desired guided wave mode was excited using 10 cycles of a Hanning modulated tone 

burst signal. The centre frequency of excitation was varied between 20 kHz and 120 kHz in 

5 kHz increments. The acoustic signal reflected back from the defect is detected using the 

monitoring ring and recorded by the Teletest pulse/receiver unit. The data were collected 64 

times and averaged at each frequency step in order to reduce the level of random noise. The 

averaged data of T(0,1) collected at centre frequency of 40 kHz is shown as an A-scan in 

Figure 5.9.   

 

Figure 5.9: A-scan of T(0,1) at 40 kHz. 
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The first signal is the incident wave and the second signal is the wave reflected by the 

defect. The frequency amplitude spectra (FAS) of the incident and reflected signals were 

calculated by applying a rectangular window on each pulse, as shown in Figure 5.9. The 

width of the window in the time domain was chosen to be 20% wider than the length of the 

original Hanning modulated signal. A frequency bandwidth of 125Hz was used when 

transferring from the time into the frequency domain. Equation (5.1) is then used to 

calculate in the reflection coefficient in the frequency domain using the amplitudes of the 

incident and reflected signals   and  : 

   
    

    
 ,                                                                  (   ) 

The bitumen coating material used to coat the area of the pipe before and after the defect is 

1.5 mm thick Bituthene 4000 coating material. It has a flexible waterproof membrane 

combining a high performance cross laminated HDPE carrier film, with a unique super 

sticky self-adhesive rubber bitumen compound. More information about the material can be 

found in [98]. 

Following [20], the complex shear and longitudinal velocity of the bulk wave within the 

(viscoelastic) coating is written as: 

   
 

0
 
 ̃ 

  
  

 1
 ,                                                             (   ) 

and the bulk longitudinal acoustic velocity as 

   
 

0
 
 ̃ 

  
  

 1
                                                               (   ) 

Here,    and    are the complex acoustic shear and longitudinal velocities of the bulk wave 

within the (viscoelastic) coating,  ̃  and  ̃  are the phase velocities for the bulk shear and 

longitudinal wave within the coating, and    and    are the shear and longitudinal 

attenuation constants. 
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Barshinger and Rose [20] suggest values of  ̃          and                  for 

the shear properties,  ̃           and                     for the longitudinal 

properties and a density             ⁄  for their bitumen coating. 

It is easier first to validate the numerical models by comparing numerical predictions 

against experimental measurements for an uncoated pipe. This is because the numerical 

predictions for an uncoated pipe are well established in the literature and they also require 

less input variables, and the acoustic properties for steel are well established [79]. The 

uncoated pipe case is therefore examined first for axisymmetric uniform and non-uniform 

defects. The acoustic properties for steel used in these numerical predictions are    

         ,             and             ⁄ . 

5.3 Uncoated pipe 

Torsional mode  

In Figs. 5.10 and 5.11 numerical predictions are shown for a uniform defect in an uncoated 

steel pipe. These predictions were obtained by running the code developed by Dr. Kirby 

[69], who used the mode matching method to generate these predictions. The geometry 

used for the uniform defects is          in Fig. 5.10 and          in Fig. 5.11, 

with         ,  2           and             (a 50% wall thickness reduction) 

for both defects, see also Fig. 5.6. The predictions are compared against measurement and it 

is evident in Fig. 5.10 that the numerical predictions correlate well with measured data up 

to about 95 kHz. The divergence between prediction and measurement at frequencies above 

95 kHz could be attributed to a deteriorating signal to noise ratio, and the data shown in 

Fig. 5.10 also show that the energy reflected back from the defect drops at higher 

frequencies. In reality, the typical LRUT frequency range is between 30 kHz and 80 kHz, 

which is limited mostly by the efficiency of the transducers in the LRUT tool hardware, and 

this hardware is optimised for this frequency range.  
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Figure 5.10: Reflection coefficient for a uniform defect of length          using T(0,1): ×, 

experiment; ——, prediction. 

A comparison between measurement and prediction for a uniform defect with         

is shown in Fig. 5.11.  

  

Figure 5.11: Reflection coefficient for a uniform defect of length          using T(0,1): ×, 

experiment; ——, prediction. 
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Prediction is again seen to correlate well with measurement in Fig. 5.11, although a 

mismatch between measurement and prediction is more obvious than for the smaller defect, 

but only in the region surrounding the maxima and minima, and here the differences are 

likely to be caused by attenuation in the steel, which is not accounted for by the theoretical 

model.  

In Figs. 5.10 and 5.11 the reflection coefficient reaches a maximum and then drops to a 

minimum. This periodic behaviour is caused by the interaction between the incident 

acoustic wave and the defect. The incident wave hits the defect and a portion of the energy 

in the wave scatters from the far end of the defect. This energy is either transmitted 

downstream of the defect or it scatters backwards towards the sound source, and then 

interacts with the front of the defect. In the same way, some energy is scattered backwards 

and some transmitted towards the source. The ratio of the energy trapped by the defect and 

that transmitted downstream of the source depends on the wavelength of the incident sound 

wave relative to the length of the defect. This then gives a periodic behaviour where for 

some wavelengths all of the energy is transmitted and at other wavelengths all of the energy 

is reflected. This behaviour has also been observed by others in the literature [45], see also 

Kirby et al. [69]. The periodic behaviour seen in Figs. 5.10 and 5.11 is important from a 

practical point of view because it shows that the optimum frequency range changes with the 

length of the defect. 

The predictions for a uniform defect in Figs. 5.10 and 5.11 show that mode matching 

method is capable of providing accurate predictions for this type of defect, with a level of 

agreement between prediction and experiment comparable to that seen in other studies. 

This is now extended to the validation of a model for non-uniform defects, and this 

approach uses the hybrid numerical method reported by Kirby et al. in [69, 70]. In Figs. 

5.12 and 5.13 predictions are compared against measurement for a tapered defect with 

        and        , respectively. In addition,         ,  2          , 

            (a 50% wall thickness reduction), and the taper angle      , see also 

Fig. 5.7. 
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Figure 5.12: Reflection coefficient for a non-uniform defect of length          with       

and using T(0,1): ×, experiment; ——, prediction. 

 

The agreement between measurement and prediction shown in Fig. 5.12 is generally good 

for the tapered defect. The mismatch below 90 kHz may be attributed to the previously 

discussed losses in the system, which are not accounted for in the theoretical model. 

Compared with the data for a uniform defect with         , shown in Figure 5.10, the 

presence of a taper with       does not seem to affect the maximum RC value, although 

the position of the RC minimum is shifted a few kHz lower. The correlation between 

measurement and prediction shown in Fig. 5.12 is generally good, although below 90 kHz 

the agreement is not as good as that seen for the uniform defects in Figs. 5.10 and 5.11. 

This deviation could be attributed to experimental errors, which may be associated with 

increased coherent noise at lower frequencies in this particular set of data.  

In Fig. 5.13 the reflection coefficient for a tapered defect with a longer length of    

      is shown, and this shows an increase in periodic behaviour, which is caused by 

increasing the length of the defect.  This means that there are more frequencies where the 

wavelength of sound is a multiple of the length of the defect so that energy is transmitted 

through the defect. 
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Figure 5.13: Reflection coefficient for a non-uniform defect of length          with       

and using T(0,1): ×, experiment; ——, prediction. 

 

 

Figure 5.13 also shows good agreement between numerical predictions and measured data, 

and the agreement is similar to that seen for the shorter defect in Fig. 5.12. This 

demonstrates that the hybrid method of Kirby et al [69] is capable of providing accurate 

predictions.  

Longitudinal mode 

Predictions generated by the mode matching technique for longitudinal modes is reported 

by Kirby et al. [70] and these are first compared here against experimental measurements 

for uniform defects. The geometry of the defects for the longitudinal mode are the same as 

those studied for the torsional mode T(0,1) in the previous section.  
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Figure 5.14: Reflection coefficient for a uniform defect of length          using L(0,2): ×, 

experiment; ——, prediction. 

 

It is evident in Fig. 5.14 that good agreement between prediction and measurement is 

observed for the longitudinal mode across a relatively wide frequency range. It is also 

interesting to note that the maximum RC value is almost the same as the one measured in 

Figure 5.10, where T(0,1) was used. The position of the first RC minimum and maximum 

does, however, appear at a higher frequency and this is because the phase speed of L(0,2) is 

higher than T(0,1). 

A comparison between prediction and measurement for a uniform defect with         

is shown in Fig. 5.15. It is seen that a comparison between the two is generally good over a 

wide frequency range. At lower frequencies oscillation in the experimental data is likely to 

reflect a problem with the experimental equipment, such as the sensitivity of the Teletest 

transducers at low frequencies, as well as contamination from L(0,1). The deviation at high 

frequencies is most likely to be caused by the losses in the system not accounted for in the 

model, such as those discussed earlier. 
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Figure 5.15: Reflection coefficient for a uniform defect of length          using L(0,2): ×, 

experiment; ——, prediction. 

 

In Fig. 5.15 it is seen that increasing the length of the defect from 15 mm to 30 mm changes 

the RC spectra significantly. The position of the RC minimum and maximum is seen to 

shift to a lower frequency. A similar situation was also observed for T(0,1) in Figs. 5.10 

and 5.11. It is interesting also to note that the RC minimum value is not close to zero for 

L(0,2), as it was for T(0,1). This is because T(0,1) is a planar wave with displacement in the 

circumferential direction only. For L(0,2) displacement is in both the axial and radial 

directions and so the mode is no longer planar. This means that the outgoing and reflected 

waves can no longer perfectly interfere with one another and so the minimum is no longer 

zero for L(0,2). 

In Figs. 5.14 and 5.15 good agreement between prediction and experiment is observed for 

the RC of L(0,2) across the frequency range of interest. In common with T(0,1) the validity 

of the theoretical model is also tested here by comparing prediction against measurement 

for a tapered defect. The defect’s geometry is the same as the geometry used for the 

torsional mode presented in Figs. 5.12 and 5.13. A comparison between experiment and 

prediction for a tapered defect is shown in Figs. 5.16 and 5.17 for defects with    
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     , and         , respectively. The other dimensions of the tapered defect are 

common with the geometry used for T(0,1), see for example Fig. 5.7. 

 

Figure 5.16: Reflection coefficient for a non-uniform defect of length          with       

and using L(0,2): ×, experiment; ——, prediction. 

 

Figure 5.16 shows a comparison between prediction and measurement for a tapered defect 

with          and      . It is seen that prediction and measurement generally agree 

with one another, although the predictions are slightly lower and this is likely to be caused 

by losses in the system not accounted for by the theoretical model, as well as a lack of 

efficiency in the coupling for the Teletest ring which will be partially contaminated by the 

L(0,1) mode.  

In Fig. 5.17 prediction and measurement are compared for the reflection coefficient of a 

tapered defect with length          and a taper angle of      . Again, good 

agreement between the two sets of data is observed and this is seen to be an improvement 

when compared to Fig. 5.16.  Therefore, it is possible that any discrepancies between 

prediction and experiment are simply a result of experimental error. 

0

0.2

0.4

0.6

0.8

20 40 60 80 100 120

R
ef

le
ct

io
n

 c
o

ef
fi

ci
en

t 

Frequency (kHz) 



 

 

119 

 

 

Figure 5.17: Reflection coefficient for a non-uniform defect of length          with       

and using L(0,2): ×, experiment; ——, prediction. 

 

The data for the tapered defect in Fig. 5.17, and the square defect in Fig. 5.15, follow the 

same shape as one another, but the presence of the taper shifts the RC minimum towards a 

lower frequency, as was observed previously for T(0,1). It is interesting also to note the 

strong influence that the length of a chamfered defect has on the RC of L(0,2).  

It is evident from the data presented here that good agreement between prediction and 

measurement is observed for L(0,2) across the frequency range of interest. This serves to 

validate the numerical predictions used to calculate reflection coefficients in the absence of 

a coating material, reported in [70] for L(0,2).  This shows that the mode matching and 

hybrid numerical methods used by Kirby et al. [69, 70] provide accurate predictions for the 

reflection coefficients of T(0,1) and L(0,2) for uniform and non-uniform axisymmetric 

discontinuities in an uncoated pipe. The results also show that the detectability of a defect 

with a specific geometry depends simultaneously on the guided wave mode type and the 

test frequency, which proves the need for theoretical methods which can predict the 

optimum parameters for LRUT in pipelines. The next section deals with guided wave 

reflection coefficients from axisymmetric defects located in a pipe coated with bitumen. 
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This section also shows how the method for coating material characterisation described in 

Section 5.1 can be used for the determination of the bulk acoustic properties of the coating 

material. 

5.4 Coated pipe 

In the previous section a theoretical method was validated for the relatively simple problem 

of an uncoated pipe. For a coated pipe additional difficulties are associated with finding 

appropriate values for  ̃ ,   ,  ̃  and  ̃ , which are the acoustic properties of the viscoelastic 

material. There are also uncertainties associated with the coupling between the pipe wall 

and the coating material because in the theoretical model this is assumed to be perfect, but 

in reality this is not always the case. 

The presence of a viscoelastic coating material is likely to significantly reduce the 

amplitude of a signal propagating in a coated pipe. In order to investigate how the presence 

of a coating material affects the reflection coefficients measured in the previous section, 

and how accurately they can be predicted, a set of additional experiments were undertaken 

for a coated pipe which follow the same methodology as for an uncoated pipe. The 

geometry of the defects investigated is the same as the one reported for an uncoated pipe, 

but in this case the area before and after the defect was covered with a 1.5 mm thick 

bitumen material called Bituthene 4000. The length of the coated area is shown in Fig. 5.5, 

and more information about the coating material may be found in Section 5.2. The 

experimental data for a coated pipe were collected and processed in the same way as for the 

uncoated pipe in the previous section. The only difference is that the monitoring ring with 

transducers for detecting the transmitted and reflected pulse was moved 1 m away from the 

end of the bitumen coating, as shown in Figure 5.5. This is to ensure that the measurement 

of reflected signals is not contaminated by evanescent modes scattered by the coating 

material. 
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Torsional mode  

The reflection of the torsional mode in a coated pipe is investigated first. This is because 

the torsional mode is a less complicated problem from a modelling point of view when 

compared to a longitudinal mode. This means that only the shear acoustic properties 

        ̃  are needed, and any errors associated with the accuracy of the longitudinal 

properties  ̃  and  ̃  will not affect the numerical predictions. 

In Fig. 5.18 a comparison between measurements carried out here and two sets of 

theoretical predictions for a coated pipe with a uniform defect of length          are 

presented. The theoretical predictions were generated using code from the mode matching 

method reported by Kirby et al. in [69]. The first set of theoretical predictions is based on 

values for the acoustic properties of a bitumen material reported by Barshinger and Rose in 

[20]. The data from Barshinger and Rose is               ⁄      ̃         . 

Comparison between measurement and prediction for a coated pipe using the data of 

Barshinger and Rose shows significant deviation in Fig. 5.18. It is obvious that at low 

frequencies the theoretical predictions show much higher values for the reflection 

coefficient, and at higher frequencies the reflection coefficient seems almost to disappear. 

The discrepancies described are likely to be the result of differences between the properties 

quoted by Barshinger and Rose and the actual properties of the material studied.  This is 

because measurements for an uncoated pipe with the same defect geometry, shown in Fig 

5.10, provide accurate correlation with predictions. This suggests there are problems with 

the values for a coating reported by Barshinger and Rose [20], at least in characterising the 

type of bitumen material used in this study. 
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Figure 5.18: Reflection coefficient for a uniform defect of length          in a coated pipe 

using T(0,1): ×, experiment; ——, prediction with new values;  

——, prediction using values from [20]. 

 

The difference between prediction and measurement when using the data of Barshinger and 

Rose show that it is not possible to use one set of values for all types of bitumen material. 

To overcome this the method identified in section 5.1 is used in order to obtain new values 

for         ̃ . To do this, the experimental data shown in Fig. 5.18 is used as the input for 

the method described in Fig. 5.1. After a few iterations a value for the shear attenuation 

constant of              ⁄  was obtained, and in Fig. 5.18 it is seen that this provides 

a much better agreement between measurement and prediction. The shear velocity value  ̃  

was also kept constant during this iteration because parametric studies showed that the 

shear attenuation constant    has the dominant effect on the predictions presented in Fig. 

5.18. In Fig. 5.18 it is shown that it is possible to obtain good agreement between 

prediction and measurement if the appropriate shear properties are chosen. It is interesting 

to see that a much higher value for    than the one reported by Barshinger and Rose is 

appropriate for the bitumen material used in this study.  
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The oscillations seen in the theoretical predictions shown in Fig. 5.18 are caused by internal 

reflections within the coated section. The wavelength and amplitude of these oscillations is 

largely dictated by the length of the coating,   . Increasing the length of the coated section 

decreases the wavelength and amplitude of the oscillations observed. This effect can be 

observed in the theoretical predictions presented later. The amplitude of these oscillations is 

relatively small compared to the overall signal amplitude and it is not expected to be 

present in the experimental data. 

In Figure 5.19 the measured reflection coefficient of a uniform defect with length    

      is compared against two sets of predictions. The first set of numerical predictions is 

based on the values reported by Barshinger and Rose [20], and the second set of predictions 

is based on the new values of         ̃  obtained in the previous set of experiments. The 

first set of predictions, based on the values reported by Barshinger and Rose, show 

predictions that are much higher than measured values at low frequency, and much lower at 

higher frequencies. This behaviour is similar to that observed in Fig. 5.18. This confirms 

that the values reported by Barshinger and Rose are most likely to be inappropriate for the 

bitumen material used in this study. However, this also shows that the reflection coefficient 

is very sensitive to values of the shear attenuation and that it is important to find accurate 

values for this property. The sensitivity of guided wave propagation to values of shear 

attenuation were also observed by Simonetti [14], Rose [15], and Kirby et al. [69, 70]. The 

second set of numerical predictions, based on the new values of              ⁄   and 

  ̃          calculated previously, agree much better with measurement. The good 

agreement in Fig. 5.19 between measurement and prediction based on these new values 

implies that the values of         ̃  arrived at previously are successful in capturing the 

acoustic behaviour of the coating material. This will be further investigated by comparing 

numerical predictions based on these new values against measurements for tapered defects.  
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Figure 5.19: Reflection coefficient for a uniform defect of length          in a coated pipe 

using T(0,1): ×, experiment; ——, prediction with new values;  

——, prediction using values from [20]. 

In order to further investigate the accuracy of the hybrid model for a coated pipe, a tapered 

defect identical to that reported for an uncoated pipe in Fig. 5.12 is studied here. Figure 

5.20 shows a comparison between measurement and two sets of predictions for a tapered 

defect with          and      . The mismatch between measurement and a first set 

of predictions based on the values reported by Barshinger and Rose [20] is similar to that 

observed in Figs. 5.18 and 5.19. The second set of predictions based on the new values of 

        ̃  agree much better with the measured data. Comparison with reflection 

coefficients for an uncoated pipe with the same defect geometry shown in Fig. 5.12, shows 

that the presence of a coating material lowers the value of the reflection coefficient. This 

clearly demonstrates that the presence of coating material makes it difficult to locate 

defects.  
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Figure 5.20: Reflection coefficient for a tapered defect of length          and       in a 

coated pipe using T(0,1): ×, experiment; ——, prediction with new values;  

——, prediction using values from [20]. 

Further validation of the predictions for torsional modes is presented in Fig. 5.21 by 

comparing measurement against numerical predictions for a tapered defect with    

       and      . The first set of data based on the shear properties reported by 

Barshinger and Rose do not agree with the measured data. A similar mismatch observed in 

the previously presented data serves to reinforce the need for more appropriate values to be 

found for         ̃ . The second set of numerical predictions based on the new shear 

acoustic properties gives the best match between measurement and experiment in Fig. 5.18 

and agrees much better with the measurements in Fig. 5.21. However, in Fig. 5.21 the 

predicted values are generally higher than measurement and this may be attributed to errors 

associated with the lower signal to noise ratio for a measured pipe, as well as additional 

losses in the system present in the pipe and in possible areas of incomplete coupling 

between the bitumen material and the pipe.  
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Figure 5.21: Reflection coefficient for a tapered defect of length          and       in a 

coated pipe using T(0,1): ×, experiment; ——, prediction with new values;  

——, prediction using values from [20]. 

The data for T(0,1) presented in these figures shows that a bitumen coating material may 

significantly reduce the amplitude of a signal reflected back from a defect. The 

measurements and predictions for T(0,1) show that the reflection coefficients of defects 

with specific geometry in coated pipes can be predicted with good accuracy provided the 

right shear acoustic properties         ̃  are obtained for the coating material. It was 

demonstrated that these properties could be derived from experimentally measured 

reflection coefficient data using the iterative method described in Section 5.1. In this case 

the values were derived from a single set of experimental data, but the accuracy of the 

method could be improved if the values         ̃  are derived and averaged from more 

experimental data sets. Of course the validity of these values requires further investigation 

and one possibility is to use these same values to investigate a comparison between 

prediction and experiment for L(0,2). This approach is described in the next section, which 

examines the reflection coefficients of L(0,2) for coated pipes.  

The reflection coefficient amplitude in a coated pipe depends simultaneously on the energy 

reflected from the defect and the attenuation of the signal propagating in the coated section 
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of the pipe. According to Simonetti, [14] the frequency where the first attenuation 

maximum occurs for both longitudinal and torsional modes is proportional to the ratio 

between the shear velocity and the thickness of the coating. The guided wave attenuation 

predictions for a pipe coated with 0.15 mm thick bitumen material reported in [20] shows 

that the attenuation maximum occurs at around 1 MHz. This means that if we use the 

values for the coating material reported in [20], the frequency where the first attenuation 

maximum should occur for the pipe coated with 1.5 mm thick bitumen material should be 

at around 100 kHz. This explains the strong influence of the of the bulk shear attenuation 

constant above 60 kHz. The increased reflection coefficient above 60 kHz when the shear 

attenuation constant is increased from               ⁄  to              ⁄   

can be explained with decreased guided wave attenuation as result of the increased bulk 

shear attenuation constant. This dependence also corresponds with the findings reported by 

Simonetti in, [14]. 

Longitudinal mode 

The reflection coefficients for longitudinal modes in a coated pipe are much more difficult 

to achieve from a modelling point of view. This is because the theoretical predictions for 

longitudinal modes in a coated pipe require two coupled equations to be solved, as well as 

knowledge of both the shear and longitudinal properties of the coating material. The 

parametric studies conducted in the previous section dealing with the torsional mode 

showed that the shear properties of the coating material have a significant influence on the 

torsional mode reflection coefficient. One possibility to understand which acoustic 

properties will give better correlation between measurement and prediction for longitudinal 

modes is to generate one set of predictions with the bulk shear and longitudinal acoustic 

properties suggested by Barshinger and Rose [20], and another set of theoretical predictions 

where the new shear value              ⁄  is used. 

Figure 5.22 shows a comparison between the measured and predicted reflection coefficient 

using L(0,2) for a uniform defect with         . The geometry of the uniform defect is 

shown in Figure 5.6. The numerical predictions are generated using the mode matching 

method reported by Kirby et al. [70]. The correlation between the first set of theoretical 
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predictions based on the acoustic properties suggested by Barshinger and Rose [20] and the 

measured reflection coefficient is generally not good. The mismatch between these two sets 

of data is similar to the mismatch for the same defect geometry for T(0,1) in Fig. 5.18. At 

low frequencies the predicted reflection coefficient is much lower than that measured, and 

at higher frequencies the predicted reflection coefficient rapidly decreases almost to zero. 

The second set of numerical predictions based on the longitudinal properties reported by 

Barshinger and Rose in [20] and the new shear properties obtained here using T(0,1) shows 

good agreement between prediction and measurement. The minimal mismatch at certain 

frequencies between the second set of numerical predictions and measurements can be 

attributed to the flexural components which cannot be completely suppressed at some 

frequencies. 

 

Figure 5.22: Reflection coefficient for a uniform defect of length          in a coated pipe 

using L(0,2): ×, experiment; ——, prediction with new values; ——, prediction using values from 

[20]. 

Further validation of the coating properties is shown in Fig. 5.23 by comparing RC 

measurements against predictions for a uniform defect with         . The geometry of 

the defect is shown in Fig. 5.6. The first set of numerical predictions based on the values 

provided by Barshinger and Rose again do agree with measurement. The second set of 
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numerical predictions based on the longitudinal properties of the bitumen material 

suggested by Barshinger and Rose and the new shear properties obtained in the previous 

section again agree well with the measurements. This shows that it is the shear properties of 

Barshinger and Rose in [20] that causes discrepancies between prediction and measurement 

for this bitumen material, and these shear properties are the most difficult to measure 

accurately. The sharp drop at around 45 kHz can be attributed to the presence of flexural 

components. The measured values are also generally below the second set of numerical 

predictions because of the additional losses in the system not accounted for in the model, 

including losses in the steel pipe and scattering/inefficiencies in the Teletest measuring 

ring. 

 

 

Figure 5.23: Reflection coefficient for a uniform defect of length          in a coated pipe 

using L(0,2): ×, experiment; ——, prediction with new values; ——, prediction using values from 

[20]. 

The data presented in Figs. 5.22 and 5.23 show that the theoretical method can generate 

accurate predictions for longitudinal modes if the right shear acoustic properties of the 

coating material are used.  
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Finally, the numerical method is validated by comparing prediction and measurement for a 

tapered defect using longitudinal modes. Figures 5.24 and 5.25 show comparison between 

measurement and two sets of numerical predictions for a tapered defect with           

and      , and          and      , respectively.  

 

 

Figure 5.24: Reflection coefficient for a tapered defect of length          and       in a 

coated pipe using L(0,2): ×, experiment; ——, prediction with new values;  

——, prediction using values from [20]. 

In common with the uniform defect, the first set of numerical predictions is generated by 

using the coating material properties reported by Barshinger and Rose [20], and the second 

set of numerical predictions are generated by changing only the shear attenuation constant 

with the shear attenuation constant obtained with the iterative method described in Section 

5.1. A comparison between the first set of numerical predictions and the measured 

reflection coefficients in Figs. 5.24 and 5.25 shows that the numerical predictions generated 

using the coating properties suggested by Barshinger and Rose give much higher reflection 

coefficients at low frequencies, and predictions that seem to varnish almost to zero at 

higher frequencies. Again, the second set of numerical predictions seem to agree much 

better with the experimental measurements. 
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Figure 5.25: Reflection coefficient for a tapered defect of length          and       in a 

coated pipe using L(0,2): ×, experiment; ——, prediction with new values;  

——, prediction using values from [20]. 

 

The value for the bulk longitudinal properties of the coating material used for the numerical 

predictions for L(0,2) were kept the same as the values reported by Rose and Barshinger in 

[20]. This was done because the second part of the method reported in Section 5.2 dealing 

with the bulk longitudinal properties of the coating material showed that changing the bulk 

longitudinal properties does not seem to affect the L(0,2) guided wave mode reflection 

coefficient. This means that the sensitivity of the predictions to the longitudinal properties 

was much less than the shear properties and so it was not found necessary to identify new 

values. 

 

 

5.5 Summary 

The data for L(0,2) and T(0,1) for uncoated and coated pipes shows the strong influence of 

the defect geometry and the presence of viscoelastic coating material on the reflection 

0

0.2

0.4

0.6

0.8

20 40 60 80 100 120

R
ef

le
ct

io
n

 c
o

ef
fi

ci
en

t 

Frequency (kHz) 



 

 

132 

 

coefficients. The accurate determination of where the reflection coefficient in a coated pipe 

takes on a maximum value depends not only on the defect geometry but also on the bulk 

properties of the coating material. It is shown that values for the bulk properties of the 

coating material that give accurate numerical predictions can be determined from the 

measurement of reflection coefficients and using the iterative method described earlier. The 

data also shows that at some frequencies the reflection coefficient of L(0,2) is higher than 

the reflection coefficient of T(0,1). This observation corresponds with the findings reported 

by other researchers in [16], and this is because L(0,2) has lower levels of attenuation when 

compared to T(0,1) over the frequency range of interest. The numerical predictions 

calculated with two different bulk shear attenuation constants demonstrates the important 

role that the bulk shear attenuation constant plays in both the torsional T(0,1) and 

longitudinal L(0,2) behaviour. In contrast, the longitudinal acoustic properties do not seem 

to have such a significant effect on L(0,2). Of course, this should not be accepted as a 

general rule for all guided waves problems, however it appears that for coated pipes the 

shear properties are dominant and this chapter shows how these may be obtained by 

comparing prediction and measurement. 
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Chapter 6 

Practical application of the findings 

Introduction 

The data for the reflection coefficients of T(0,1) and L(0,2) presented in Chapter 5 show 

that the amplitude of a guided wave in a coated pipe is reduced because of the attenuation 

caused by the presence of a viscoelastic coating material. The objectives in this chapter are 

the accurate prediction of guided wave attenuation using the bitumen coating materials 

investigated in the previous chapters and: 

 To compare T(0,1) and L(0,2) predictions against experimental data for a 3 inch 

Schedule 40 pipe coated with Bituthene 4000. 

 To investigate how accurately the attenuation of T(0,1) and L(0,2) propagating in a 6 

inch Schedule 40 pipe coated with Bitustik 4000 can be predicted using the bulk 

acoustic properties determined in Chapter 3. 

 To determine the bulk acoustic properties of a coating material from guided wave 

attenuation data. 

 To investigate the temperature dependence of the bulk acoustic properties of Bitustik 

4000 using the new iterative trial and error method developed in the previous section, 

and the data measured for the attenuation of T(0,1) and L(0,2). 

6.1 Bituthene 4000 – Guided wave attenuation  

Further validation of the SAFE method for torsional and longitudinal modes proposed by 

Kirby et al. [69, 70], and the bulk acoustic properties of Bituthene 4000 derived in Chapter 

5, is achieved by comparing predicted and measured values for attenuation. The attenuation 

measurements for a coated section of the pipe presented in the following figures are 
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calculated from the reflection coefficient measurements for a coated pipe presented in 

Chapter 5. This was done at each frequency using Eq. (6.1): 

   ,       (     ⁄ )-     ,                                                                        (   )⁄  

where    is the attenuation for the coated section of the pipe in dB/m,     and    are the 

reflection coefficients for uncoated and coated pipes, respectively, and    is the length of 

the coated section of the pipe.  

Figure 6.1 shows a comparison between experimentally derived attenuation spectrum and 

two sets of SAFE predictions for T(0,1). The first set of numerical predictions is based on 

the acoustic properties suggested by Barshinger and Rose in [20] and it is clear that this set 

of numerical predictions do not correlate well with the experimental measurements. They 

predict relatively low values of attenuation (a few dB/m) up to 60 kHz and then steeply 

increasing attenuation after 70 kHz.  

 

Figure 6.1: Attenuation of T(0,1) for a pipe coated with Bituthene 4000. ♦, experiment;  

——, prediction with new values; ——, prediction using values from [20]. 

Figure 6.1 indicates that the shear acoustic properties reported by Barshinger and Rose [20] 

are not appropriate for the current bitumen material, and the very high values of attenuation 
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at higher frequencies show why the predicted reflection coefficient was vanishing almost to 

zero. The second set of theoretical predictions is based on the new value for the shear 

attenuation obtained in Chapter 5 of              ⁄ . The numerical predictions 

based on the new value of the bulk shear constant agree well with experimentally 

determined values for attenuation, and this further demonstrates the validity of the SAFE 

predictions for T(0,1) and the new bulk shear attenuation constant obtained in Chapter 5. 

However, the correlation in Fig. 6.1 is not as good as the correlation for reflection 

coefficients observed in Chapter 5 and this is most likely because the guided wave 

attenuation was calculated from two sets of experimental data. 

Figure 6.2 shows a comparison between experiment and prediction for the attenuation of 

L(0,2). This figure again shows that the predictions generated using the new material 

properties show much better agreement with measurement than those obtained using the 

data of Barshinger and Rose [20].  

 

Figure 6.2: Attenuation of L(0,2) for a pipe coated with Bituthene 4000. ♦, experiment;  

——, prediction with new values; ——, prediction using values from [20]. 
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The SAFE predictions based on the new shear attenuation data obtained previously also 

show good agreement with experimental measurement and this serves to further validate 

the shear and longitudinal properties obtained for Bituthene 4000 in Chapter 5. 

The data presented in this section demonstrates how important it is to obtain accurate 

values for the bulk acoustic properties of a coating material when attempting to reproduce 

the actual dynamic behaviour of a viscoelastic material when it is applied as a coating on a 

pipe. The data presented in Figs. 6.1 and 6.2 show a strong dependence between the value 

for the bulk shear property of Bituthene 4000 and the attenuation of T(0,1) and L(0,2). In 

addition, the relatively large scatter in the experimental data presented in Figs. 6.1 and 6.2 

shows that for the attenuation measurements there is likely to be an increase in 

experimental errors associated with undertaking two sets of reflection coefficient 

measurements.  

6.2 Bitustik 4000 – Guided wave attenuation 

The objective in this section is to investigate how accurately the attenuation of T(0,1) and 

L(0,2) may be predicted using the values of the shear bulk acoustic properties measured 

independently for Bitustik 4000 in Chapter 3. This is achieved by comparing prediction 

against measurement for the attenuation of T(0,1) and L(0,2) at 20ºC in a 6 inch Schedule 

40 pipe, coated with 1.25 mm thick Bitustik 4000. The numerical predictions are again 

generated using the SAFE method [69, 70], and Table 6.1 summarises those values 

measured in Chapter 3. 

 

 ̃      ̃     Density r Source 

Material m/s s/m m/s s/m kg/m3 mm - 

Mild steel 5960 0 3260 0 7800 77.03-84.14 [79] 

Bitustik 4000 1855 1.15 x 10-6 338 994 x 10-6 990 84.14-85.39 Ch. 3 

Table 6.1: Acoustic properties and geometry used for numerical predictions. 
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Figure 6.3 shows a comparison between predictions of attenuation using the SAFE method 

and based on the input parameters shown in Table 6.1, and the measured attenuation for 

T(0,1) at 20ºC. This exercise is then repeated in Fig. 6.4 for L(0,2).  

 

Figure 6.3: Attenuation of T(0,1) for a pipe coated with Bitustik 4000 at 20ºC. ♦, experiment; ——, 

prediction based on the bulk properties measured in Chapter 3. 

 

Figure 6.4: Attenuation of L(0,2) for a pipe coated with Bitustik 4000 at 20ºC. ♦, experiment; ——, 

prediction based on the bulk properties measured in Chapter 3. 
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It is seen in Figs. 6.3 and 6.4 that the correlation between measurement and prediction is 

poor for both modes. This mismatch is likely to be caused by inherent problems and 

inaccuracies associated with the direct measurement of the shear acoustic properties and the 

extrapolation of data to low frequencies. One possible way of overcoming these 

inaccuracies is to try to obtain new values for the bulk acoustic properties of Bitustik 4000 

using an iterative method similar to that introduced in the previous chapter, but this time 

using data for attenuation. This is discussed in the next section. 

6.3 Method for acoustic characterisation of coating material 

using attenuation 

It was demonstrated in Chapter 5 that the reflection coefficients of T(0,1) and L(2,0) 

depend mostly on the shear properties of the coating material, and good agreement between 

prediction and experiment may be achieved only by carefully identifying a suitable value 

for the shear attenuation constant   . It was seen that the geometry of the defect also has a 

strong influence on the values measured for the reflection coefficient. The measurement of 

attenuation in the previous section shows minima and maxima for the attenuation spectra 

and these depend only on the thickness and the acoustic properties of the coating material. 

Therefore, less variables are involved in predicting the attenuation of a guided wave in a 

coated pipe, when compared to predicting the reflection coefficient, and this means it 

should be possible to use attenuation measurements to obtain data for the coating material. 

Figure 6.5 shows a flow chart describing an iterative method for obtaining the bulk shear 

acoustic properties of a coating material from measurements of the attenuation of T(0,1) for 

a coated pipe. Predictions for the attenuation of T(0,1) are based on the SAFE method 

reported by Kirby et al. [69]. The flow chart shown in Fig. 6.5 implies that bulk shear speed 

 ̃  and the attenuation constant    may be varied simultaneously. This could be a 

complication but it is needed because usually the bulk shear speed and attenuation constant 

are interlinked and change simultaneously.  
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Figure 6.5: Flow chart describing iterative method for determining coating material properties using 

the attenuation of T(0,1).  

To further understand the link between guided wave attenuation and the acoustic properties 

of the coating for a given model geometry, parametric studies are conducted here by 

varying the coating properties and observing how the attenuation changes. To do this, the 

geometry and properties of the pipe are taken from Table 6.1. A range of values for shear 

speed and attenuation constant are chosen so that  ̃                    and        

                                . The results for this parametric study are shown 

in Figs. 6.6 to 6.8. 
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Figure 6.6: Predicted attenuation of T(0,1) with  ̃         . 

 

Figure 6.7: Predicted attenuation of T(0,1) with  ̃         . 
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Figure 6.8: Predicted attenuation of T(0,1) with  ̃         . 

The results from the parametric study conducted with the shear properties of the coating 

material show that the position of the first attenuation peak on the frequency axis strongly 

depends on the shear speed  ̃  of the coating material. Increasing the coating material shear 

speed  ̃  then leads to an increase in the frequency at which the first attenuation maximum 

occurs. The coating material shear attenuation constant    also plays a significant role, but 

it mostly influences the magnitude of the attenuation. 

New values for the bulk shear properties of the Bitustik 4000 coating are now determined 

using the method described in Fig. 6.5. In Fig. 6.9 the results from an application of this 

method using a few iterations are show for the attenuation measured at 20ºC. The new 

method gives the best correlation between measurement and prediction for values of 

 ̃          and                .  
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Figure 6.9: Attenuation of T(0,1) for a pipe coated with Bitustik 4000 at 20ºC. ♦, experiment; ——, 

prediction with  ̃          and               . 

It is interesting to note that the new value found for the bulk shear speed using the iterative 

approach is about 33% lower than the direct measured value, and the new shear attenuation 

constant is about 50% higher. This mismatch is quite significant and it is most likely caused 

by difficulties with measuring accurately high levels of attenuation using the method in 

Chapter 3. Once the bulk shear properties of the coating material have been identified using 

T(0,1) the next step is to check how well these values perform when used for calculating 

the attenuation of L(0,2). This is achieved by using the iterative method described in Fig. 

6.10.  The second part of the method derives the longitudinal properties from experimental 

data measured for the attenuation of L(0,2) and retains the shear bulk properties calculated 

for T(0,1).  
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Figure 6.10: Flow chart describing iterative method for determining coating material properties 

using the attenuation of L(0,2). 

The flow chart in Fig. 6.10 suggests that the bulk longitudinal speed  ̃  and attenuation 

constant    could be changed simultaneously. In order to understand what influence the 

longitudinal bulk properties of the coating material have on the attenuation spectra of 

L(0,2) another parametric study is conducted. This time the attenuation spectra of L(0,2) is 

calculated for different values of the bulk longitudinal acoustic speed    , and the 

attenuation constant    . The range of values chosen for the parametric study are:  ̃  

                   , and                                       . The 

results of the parametric study are shown in Figs. 6.11, 6.12 and 6.13.  
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Figure 6.11: Predicted attenuation of L(0,2) with  ̃         . 

 

Figure 6.12: Predicted attenuation of L(0,2) with  ̃          . 
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Figure 6.13: Predicted attenuation of L(0,2) with  ̃          . 

The results in Figs. 6.11 to 6.13 demonstrate that changing the longitudinal properties of 

the coating material does not significantly affect the attenuation of L(0,2) over the 

frequency range of interest, with the difference between the plots being less than     

below 100 kHz. This means that the values measured in Chapter 3 for the bulk longitudinal 

acoustic properties may be used here without any influence of the accuracy of the 

attenuation predictions. Table 6.2 summarises the acoustic properties calculated when using 

a 6 inch Schedule 40 pipe at 20 ºC for and coated with 1.25 mm Bitustik 4000.   

 

 ̃      ̃     Density r Source 

Material m/s s/m m/s s/m kg/m3 mm - 

Mild steel 5960 0 3260 0 7700 77.05-84.15 [79] 

Bitustik 4000  1855 1.15 x 10-6 225 1.5 x 10-3 990 84.15-85.40 Ch. 6 

Table 6.2: Acoustic properties obtained from iterative method.  

Figure 6.14 shows a comparison between measured values for the attenuation of L(0,2) at 

20ºC, and predictions based on the values in Table 6.2.  
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Figure 6.14: Attenuation of L(0,2) for a pipe coated with Bitustik 4000 at 20ºC. ♦, experiment;      , 

prediction based on values in Table 6.2. 

The correlation between measurement and prediction for L(0,2) in Fig. 6.14 is much better 

than the correlation achieved with the directly measured data for the shear acoustic 

properties shown in Fig. 6.4. Therefore it is seen that the new iterative method for 

attenuation introduced here may be used to deliver a much better agreement between 

prediction and measurement.  It is also seen that the values obtained independently for 

T(0,1) also give good agreement when used for L(0,2). Therefore it is demonstrated that the 

bulk acoustic properties of a viscoelastic coating material may be successfully derived from 

guided wave attenuation data by using an iterative trial and error technique based on 

theoretical predictions generated using the SAFE method. The main advantage of the 

method described in this section, when compared to the experiment-based fitting method 

for shear attenuation reported by Hua and Rose in [15], is that the method is divided into 

two parts which deal with the bulk shear and longitudinal properties separately. This 

provides an independent test for the values chosen for the important shear properties, as 

well as allowing them to be obtained in a quick and computationally efficient way. The 

complications associated with the need to change two variables (bulk acoustic speed and 

attenuation) simultaneously in order to obtain good correlation between prediction and 

0

3.5

7

20 40 60 80 100

A
tt

en
u

at
io

n
 (

d
B

/m
) 

Frequency (KHz) 



 

 

147 

 

measurement was also simplified by demonstrating that each variable affects the guided 

wave attenuation spectra in a different way so that a unique solution can be achieved.  

The method’s accuracy depends on the accuracy of the measurements for the guided wave 

attenuation. If the attenuation spectrum does not contain at least one attenuation peak, and 

the attenuation is steadily increasing with frequency, then unique values for the bulk 

acoustic speed and attenuation may be difficult to be obtained. This could happen in case of 

very thin or thick solid coatings, which are outside of the scope of this work. However, the 

measurement of attenuation in a coating is much easier than reflection coefficient, and so 

this method is easier to implement in tests on-site such as for the continuous pipelines 

described in Chapter 4.  

 

6.4 Bitustik 4000 - bulk properties temperature dependence 

In this section the acoustic properties of Bitustik 4000 are obtained at different 

temperatures using iterative trial technique described in Section 6.3. The attenuation of 

T(0,1) and L(0,2) in Bitustik 4000 were measured in Chapter 4 at 0 ºC, 10 ºC, 20 ºC, 30 ºC 

and 40 ºC, and this date is used as an input into the iterative method. In Figs. 6.15 to 6.19 a 

comparison is shown between the experimentally measured attenuation of T(0,1) in a 6 inch 

Schedule 40 pipe coated with Bitustik 4000, and SAFE method predictions based on best fit 

values for the bulk shear properties of the material. The bulk shear properties giving best 

correlation between numerical prediction and experimental measurement are summarised in 

Table 6.3. 
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Figure 6.15: Attenuation of T(0,1) for a pipe coated with Bitustik 4000 at 0ºC. ♦, experiment; ——, 

prediction with  ̃          and                . 

 

Figure 6.16: Attenuation of T(0,1) for a pipe coated with Bitustik 4000 at 10ºC. ♦, experiment;      

——, prediction with  ̃          and                . 
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Figure 6.17: Attenuation of T(0,1) for a pipe coated with Bitustik 4000 at 20ºC. ♦, experiment;      

——, prediction with  ̃          and                . 

 

Figure 6.18: Attenuation of T(0,1) for a pipe coated with Bitustik 4000 at 30ºC. ♦, experiment;      

——, prediction with  ̃          and                . 
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Figure 6.19: Attenuation of T(0,1) for a pipe coated with Bitustik 4000 at 40ºC. ♦, experiment;      

——, prediction with  ̃          and               .   

 

Temp.  ̃      ̃     Density r 

Material ºC m/s s/m m/s s/m kg/m3 mm 

Mild steel - 5960 0 3260 0 7700 77.05-84.15 

Bitustik 4000  0 1855 1.15 x 10-6 470 0.65 x 10-3 990 84.15-85.40 

Bitustik 4000  10 1855 1.15 x 10-6 310 1.05 x 10-3 990 84.15-85.40 

Bitustik 4000  20 1855 1.15 x 10-6 225 1.5 x 10-3 990 84.15-85.40 

Bitustik 4000  30 1855 1.15 x 10-6 160 2.5 x 10-3 990 84.15-85.40 

Bitustik 4000  40 1855 1.15 x 10-6 115 3.8 x 10-3 990 84.15-85.40 

Table 6.3: Acoustic properties and geometry for numerical predictions at specific 

temperatures. 

It was noted in the previous section that the attenuation of L(0,2) is mostly influenced by 

the shear properties of the coating material. Accordingly the second part of the iterative 

method dealing with the bulk longitudinal properties of the coating material uses the  

longitudinal properties determined in Chapter 4. The validity of the new bulk shear 

properties for Bitustik 4000 calculated using T(0,1) for different temperatures are now 

examined by comparing SAFE predictions using this data against measurement for L(0,2). 

The results are shown in Figs. 6.20 to 6.24. 
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Figure 6.20: Attenuation of L(0,2) for a pipe coated with Bitustik 4000 at 0ºC. ♦, experiment; ——, 

 ̃          and                .   

 

Figure 6.21: Attenuation of L(0,2) for a pipe coated with Bitustik 4000 at 10ºC. ♦, experiment;      

——,  ̃          and                . 
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Figure 6.22: Attenuation of L(0,2) for a pipe coated with Bitustik 4000 at 20ºC. ♦, experiment;      

——,  ̃          and               . 

 

Figure 6.23: Attenuation of L(0,2) for a pipe coated with Bitustik 4000 at 30ºC. ♦, experiment;      

——,  ̃          and               . 
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Figure 6.24: Attenuation of L(0,2) for a pipe coated with Bitustik 4000 at 40ºC. ♦, experiment;      

——,  ̃          and               . 

The agreement between prediction and experiment in Figs. 6.20 to 6.24 is generally very 

good. This serves to validate the values for the bulk acoustic properties obtained at specific 

temperatures using the iterative method described in Section 6.3. The results presented in 

this section also demonstrate the significant effect that temperature has on the bulk acoustic 

properties and guided wave attenuation.  

A summary of the temperature dependence of the bulk shear acoustic properties for Bitustik 

4000 is presented in Figs. 6.25 and 6.26.  
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Figure 6.25: Dependence of bulk shear speed on temperature for Bitustik 4000: ♦, experiment; –––, 

curve fit. 

 

Figure 6.26: Dependence of the bulk shear attenuation on temperature for Bitustik 4000: ♦, 

experiment; –––, curve fit. 

The coefficients describing the temperature dependence of the bulk shear speed and 

attenuation constant were obtained by fitting a power law through the data, which gives 
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The data presented show the significant influence that temperature has on the bulk acoustic 

properties of Bitustik 4000. Relatively small temperature variations cause significant 

changes in the coating material bulk acoustic properties. It is difficult to compare the bulk 

acoustic properties for the coating material studied in this section with data in the literature 

because the temperature dependence of bitumen has not been widely studies. However, the 

temperature dependence of the attenuation spectra corresponds well with the data reported 

in [71] for pipes coated with epoxy, and polyethylene based coating materials. This study 

also implies that the bulk acoustic properties of these materials are temperature dependent. 

 

6.5 Summary 

A new method for obtaining the bulk acoustic properties from guided wave attenuation data 

has been successfully applied in the analysis of the temperature dependence of the bulk 

acoustic properties of Bitustik 4000. The temperature dependence of the shear bulk 

properties is derived in a temperature range from 0 ºC to 40 ºC and it is demonstrated that 

relatively small temperature variations have a significant effect on the bulk acoustic 

properties of a bitumen based coating material. An iterative method was used based on 

varying the material properties in a SAFE model until good agreement was achieved 

between measured and predicted values for T(0,1) and L(0,2) at individual temperatures. It 

was also demonstrated that the shear bulk properties derived from the attenuation spectra of 

T(0,1) can be successfully used to predict the attenuation of L(0,2) in a frequency range 

typical for LRUT. The method proposed here is based on attenuation and so it could also be 

measured on-site using those methods developed in Chapter 4. This makes the method 

suitable for the practical application of LRUT in coated pipes situated in the field.  
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7. Conclusions and future work 

This thesis investigates experimental methods for studying guided wave propagation in 

coated pipes and the problems associated with their practical application for on-site use. To 

obtain a better understanding of the behaviour of wave propagation in coated pipes it is 

necessary to determine the bulk acoustic properties of the viscoelastic coatings.  Current 

methods for doing this in the literature work only for relatively thin and lightly attenuative 

coating materials, or at frequencies much higher than those used in LRUT. This is because 

these methods rely on traditional independent ultrasonic measurement techniques that 

cannot be performed accurately at low ultrasonic frequencies, especially for the shear 

properties. This thesis presents two new methods for obtaining the bulk properties of a 

coating material based on experimental measurements taken on a pipe coated with the 

material of interest. The first method derives the bulk properties of the coating material 

from guided wave reflection coefficient data measured from a discontinuity located in a 

coated pipe. The second method derives the coating material bulk properties from guided 

wave attenuation data. Each method works by successively changing the bulk acoustic 

properties of the viscoelastic material in a theoretical model until predictions and 

measurement agree for data obtained for both T(0,1) and L(0,2) modes. This then permits 

the deduction of material properties over a wide frequency range and it is shown that by 

using this method it is possible to obtain good agreement between prediction and 

measurement over a number of independent tests. Both methods measure the coating 

material acoustic properties while the material is applied on the pipe and take into account 

the coupling between the pipe wall and coating material, and how exactly the coating 

material is deformed . The methods are used to measure the bulk acoustic properties of two 

highly viscoelastic bitumen based coating materials. The results obtained show that the 

bulk acoustic properties of bitumen based coating materials can vary significantly even if 

they look similar in appearance. Results also indicate that the data for the shear properties 

measured here is very different to that found using more traditional methods in the 

literature. The method is also capable of deriving the bulk properties of coating materials 

from attenuation data and this method was used to measure the bulk acoustic properties of a 
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bitumen based material at different temperatures. This has generated new data for the 

dependence on temperature of the shear acoustic properties of a viscoelastic material. 

The methods developed here and the data obtained for the bulk acoustic properties of 

viscoelastic materials will enable the future use of this data in theoretical models, which 

can then be used to develop a much better understanding of the way in which sound waves 

propagate in coated pipes. This will then enable an investigation into more efficient 

methods for studying coated pipelines with the aim of extending the measurements and 

improving the sensitivity of the method when inspecting a pipe. The data obtained is also 

for the bulk acoustic properties and so the results obtained here are applicable in other areas 

associated with the acoustic characterisation of viscoelastic materials, guided wave 

propagation characteristics and NDT. The future development and application of the 

findings reported in this work are: 

 The method for obtaining the bulk acoustic properties of coating materials from guided 

wave attenuation data may be further developed and integrated into the LRUT 

equipment software. This will allow the method to be used for on-site measurements.  

 The methods for the acoustic characterization of coating materials developed in this 

work can be used to investigate the variations of the coating material bulk acoustic 

properties caused by non-uniformity, bonding levels, aging and temperature changes. 

 The data on the bulk acoustic properties of bitumen derived in this work have been used 

to study reflection coefficients from axisymmetric discontinuities located in a coated 

pipe. One future application of the data is as an input into numerical modules suitable 

for studying reflection coefficients from non-axisymmetric three dimensional 

discontinuities located in a coated pipe.  

 The method for independent measurement of bulk shear acoustic properties could be 

used for characterization of other types of semisolid materials if they can be formed into 

a waveguide. Of course it should be noted that this method measures the shear bulk 

acoustic properties of the coating material and does not take into account the coupling 

between the base and the coating material when applied. 
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9. Appendix: Matlab Code 

Section 3.2: Spectrogram of signals R1 and T3. 
 

 

fs = 500e6; 
yres = 10000; 
xres = 300; 
olp = round(xres*0.99); 

  
[B1,f1,t1]= specgram(sig1,yres,fs,xres,olp); 
power1 = abs(B1); 

  
imagesc(t1, f1, power1); 
set(gca,'YDir','normal') 
axis([0e-6 3.5e-6 0e6 15e6]); 
xlabel(['Time, us']); 
ylabel(['Frequency, MHz']); 

 

 

 

Section 3.3: Fourier transform of    ( )  and    ( ). 

 

 
pk1padd = padarray(pk1, 1000); 
pk2padd = padarray(pk2, 1000); 

  
fs = 500e06;                                          
L = size(pk1padd,1); 
n = pow2(nextpow2(L));                             
f = (0:n-1)*(fs/n);                                  

  
y1 = (fft(pk1padd,n))';                             
power1 = (y1.*conj(y1)/n)';                          

  
y2 = (fft(pk2padd,n))';                                 
power2 = (y2.*conj(y2)/n)'; 

 

 

Section 3.9: Spectrogram of signals T15 and T20 

 
fs = 1e6; 
yres = 1024; 
xres = round(4000/centre frequency); 
olp = round(xres*0.99); 

  
[B1,f1,t1]= specgram(pk1,yres,fs,xres,olp); 
power1 = abs(B1); 
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[B2,f2,t2]= specgram(pk2,yres,fs,xres,olp); 
power2 = abs(B2); 

  
clims = [ 0 1200 ]; 

  
subplot(1,2,1), imagesc(t1, f1, power1, clims); 
set(gca,'YDir','normal') 
axis([0 16e-5 0e6 0.15e6]); 
xlabel(['Time, ms']); 
ylabel(['Frequency, Hz']); 

  
subplot(1,2,2), imagesc(t2, f2, power2,clims ); 
set(gca,'YDir','normal'); 
axis([0 16e-5 0e6 0.15e6]); 
xlabel(['Time, ms']); 
ylabel(['Frequency, Hz']); 

 

 

 

 


